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Abstract

The application of conventional diversity models in streams has had limited success as

stream communities often fit outside the model assumptions. Of the plethora of
influences on stream macroinvertebrate diversity, productivity and disturbance
dominate. Yet there remains to be a consensus on the form of these relationships and
whether productivity and disturbance interact to predict diversity. Therefore, the aim
of this thesis was to the assess linkages between productivity, disturbance and
diversity in stream macroinvertebrate communities and further the understanding of
these links. | achieved this through multiple assessments throughout New Zealand
(NZ) and Spain between February 2007 and December 2009. | (i) assessed multivariate
models of productivity-disturbance-diversity within NZ streams and examined whether
canopy presence modulated these links and (ii) whether land-use affected these
relationships. | further assessed (iii) the productivity-diversity relationship in Spanish
streams and whether this was underpinned by specific periphyton-invertebrate
associations and (iv) if the relationship matched those of NZ and formed a global trend.
Finally, | experimentally examined (v) the influence of spatial scale on productivity- and
disturbance-diversity relationships. The prevailing premise throughout the thesis is
that diversity increased with increasing productivity and declined with increasing
disturbance, although the form of these links varied. There was no evidence of a
productivity-disturbance interaction throughout this thesis and these relationships
were not affected by land-use but were by canopy presence. Where relationships with
productivity lacked, | demonstrate this link may be underpinned by interactions
between invertebrates and specific forms of algae, as well as simply being a function of
the range of productivity assessed or even the spatial scale of assessment. In fact,
productivity setting the upper limit to richness may be a universal pattern in streams
with no evidence of productivity leading to greater competitive interactions despite
the wide ranges assessed. Overall, this thesis makes significant progress in clarifying
these relationships in streams. | provide further evidence suggesting the DEM does
not apply in stream communities and clearly demonstrate additive, rather than

interactive, effects of productivity and disturbance.
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Chapter 1: General Introduction

Establishing what affects diversity in nature remains a central theme in ecology
(Huston 1994, Rosenzweig 1995, Hubbell 2001). Although diversity can be affected by
a variety of factors (e.g. temperature, disturbance, productivity, habitat complexity),
there is still considerable debate about how they might interact (Huston 1994, Palmer
1994, Rosenzweig 1995, Vinson and Hawkins 1998, Hubbell 2001, Ricklefs 2004).
Moreover, although increasing application of multivariate models suggests ecologists
recognise that univariate examinations are limited (Wootton 1998, Mackey and Currie
2001, Roxburgh et al. 2004, Cardinale et al. 2006), there remains considerable
uncertainty as to which factors explain the majority of variation in diversity (Mackey
and Currie 2001). However, disturbance (Connell 1978, Wootton 1998, Lake 2000) and
productivity (Currie 1991, Waide et al. 1999, Mittelbach et al. 2001) continue to
dominate the research interests of community ecologists although universal patterns
of diversity remain elusive (Waide et al. 1999, Mackey and Currie 2001, Mittelbach et
al. 2001). In fact, evidence suggests that disturbance and productivity interact to
affect diversity (Sousa 1984, Pickett and White 1985, Currie 1991, Wootton 1998,
Waide et al. 1999, Mittelbach et al. 2001, Death and Zimmermann 2005, Cardinale et
al. 2006).

There have been many attempts to define disturbance such as that put forward
by Pickett and White (1985) where they suggest disturbance is “... any relatively
discrete event in time that disrupts ecosystem, community, or population structure
and changes resources, substrate availability or the physical environment”. However,
it is tautological to define disturbance by the effects on biota rather than the physical
act of disturbance itself, especially with stream invertebrate communities where
animals are ‘adapted’ to these events (Resh et al. 1988, Lake 2000, Death 2010). Thus,
using the definitions put forward by Bender et al. (1984) and Glasby and Underwood
(1996), Lake (2000) suggests disturbance is “the cause of a perturbation”, where
perturbations are a combination of cause (disturbance) and effect (response to
disturbance).

Two of the most longstanding models of diversity are the Intermediate
Disturbance Hypothesis (IDH) (Grime 1973b, Connell 1978, Sousa 1979) and the
Dynamic Equilibrium Model (DEM) (Huston 1979, 1994). The IDH predicts diversity to
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peak at intermediate levels of disturbance, and the DEM builds on this to predict the
position of the peak of diversity to vary with productivity. Models such as the IDH and
the DEM assume a trade-off between competitive and colonisation ability whereby
organisms are either good colonisers or good competitors, but not both (Chesson and
Huntly 1997, Roxburgh et al. 2004, Cadotte 2007). However, this does not appear to
occur in many ecosystems and has led some to suggest disturbance simply removes
taxa (e.g. Death and Winterbourn 1995, Death 2002) as opposed to promoting
diversity at intermediate levels by allowing the representation of the largest number of
life-history traits. Moreover, the disturbance-diversity relationship is highly variable
between unimodal, positive linear and negative linear forms, or even no relationship
(Mackey and Currie 2001), and can vary with spatial and temporal scale (Petraitis et al.
1989). Mackey and Currie (2000) found little evidence to suggest that disturbance
should play more than a minor role in determining diversity patterns.

The relationship between productivity and diversity is also highly variable
(Currie 1991, Abrams 1995, Waide et al. 1999, Mittelbach et al. 2001). The most
common forms are unimodal (e.g. Grime 1973a, Huston 1979, Rosenzweig 1992, 1995,
Leibold 1999, Waide et al. 1999, Mittelbach et al. 2001) or linear (e.g. Currie and
Paquin 1987, Currie 1991, Abrams 1995, Waide et al. 1999, Gaston 2000, Mittelbach et
al. 2001) increases in diversity with increasing productivity. The spatial scale of
observation is one of the major reasons for the differences in the nature of this
relationship such as the switch from unimodal to linear as scale increases (Currie 1991,
Chase and Leibold 2002), but it also differs between ecosystems and organisms (Waide
et al. 1999, Mittelbach et al. 2001). Small scale studies commonly find unimodal
relationships between productivity and diversity but at greater spatial scales the
pattern is one of monotonic increase in diversity with productivity (Waide et al. 1999,
Mittelbach et al. 2001, Chase and Leibold 2002). The most commonly postulated
mechanism for the decline in diversity at high productivity is competitive exclusion
(Rosenzweig and Abramsky 1993, Abrams 1995, Waide et al. 1999); although Abrams
(1995) provides several alternative reasons for this pattern such as larger individuals at
higher productivities and the fact high productivity environments often occur at the

extremes of geographical gradients.
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Streams and rivers are heavily influenced by disturbance (Resh et al. 1988, Lake
2000, Death 2008), but the response of diversity to disturbance is likely to be
dependent on productivity (Death 2002, Cardinale et al. 2005, Death and Zimmermann
2005, Cardinale et al. 2006). Several empirical studies have found an interaction
between productivity and disturbance to be important in controlling diversity (e.g.
Wilson and Tilman 2002, Kneitel and Chase 2004, Death and Zimmermann 2005,
Scholes et al. 2005). In fact, the DEM infers richness is a product of productivity,
disturbance and their interaction (Huston 1979, 1994, Kondoh 2001). However, the
highly mobile nature of stream invertebrates has limited the applicability of common
models of diversity such as the IDH (Grime 1973b, Connell 1978, Sousa 1979) and the
DEM (Huston 1979, 1994, Kondoh 2001), but see Townsend et al. (1997). Streams
have an especially strong association between disturbance and productivity, and
disturbance acts by removing both taxa and their food resources (Lake 2000, Death
2002, Death 2010).

The requirement for a trade-off in competitive and colonising ability in these
models (Chesson and Huntly 1997, Roxburgh et al. 2004, Cadotte 2007) and the fact
that there appears to be little evidence for the generality of competitive exclusion in
stream communities (Reice 1985, Death and Winterbourn 1995), indicates it is more
likely that the number of animals and/or taxa is determined by the
productivity/resource supply rates of a site (Death 2002, Gross and Cardinale 2007,
Death 2008). Nonetheless, there is certainly strong evidence for competitive
interactions and indeed competitive exclusion in streams (McAuliffe 1984, Kohler
1992), none more evident than Kohler and Wiley’s (1997) investigation of pathogen
outbreaks in Michigan streams. However, it appears physical processes are often
dominant over biotic interactions in streams, especially in New Zealand (Thompson
and Townsend 2000). This modulation of competition by abiotic and indeed biotic
processes is well recognised for streams worldwide making the clarification of its
effects a challenge (Holomuzki et al. 2010). An example of this is the strengthening of
predation and competition during low-flow disturbance events (Dewson et al. 2007).

Accordingly, it is important for benthic ecologists to develop and apply models

relevant to the type of communities present in streams. Death (2002) proposed a
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model suggesting disturbance simply resets the colonisation process of invertebrates;
and productivity, rather than competitive interactions, sets the upper limit to richness
in streams. Yet, there is little consensus on quite how diversity responds to
productivity and disturbance in streams. In fact, little effort has been placed on clearly
defining the relationship between productivity and diversity in lotic systems. Some of
the few to look specifically have found both unimodal (Death and Zimmermann 2005)
and log-linear (Death 2002, Barquin 2004) increases in diversity with increasing
productivity. Streams provide a unique testing ground for productivity-disturbance-
diversity models because community dynamics are dominated by immigration and
emigration rather than population growth (Downes 1990, Death 2008). The major
models should not apply in lotic communities which are dominated by highly mobile
taxa rather than sedentary organisms such as plants and corals for which many of
these models have been developed.

Primary productivity is typically provided in streams by periphytic algae which
can vary strongly in form from prostrate and stalked diatoms through to filamentous
green algae (Allan 1995). The measurement of primary productivity does not account
for variation in the form of these producers which can respond differently to
environmental conditions and provide different habitat and resources for higher
trophic levels. When levels of periphyton reach greater densities and epilithic diatoms
are replaced by macroalgae such as filamentous green algae, interactions can shift
from simple plant-herbivore interactions to more complex relationships where
macroalgae can both provide and remove habitat and food, and compete for space
with certain invertebrate taxa (Dudley et al. 1986). One example of this is the typical
transition from pollution sensitive invertebrate taxa associated with diatom
communities to pollution tolerant taxa and filamentous algae growth forms often
found in summer low-flow conditions (Suren et al. 2003). Finally, although grazing
control of periphyton is strong in lotic systems (Hillebrand 2009), this can differ
between different growth forms (Feminella and Hawkins 1995). For example, where
diatom levels remain relatively stable at low biomass with strong top-down control,
filamentous forms can escape grazing and dominate (Suren and Riis 2010). However,

this may only be an initial response before grazers respond and regulate biomass
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(Lamberti et al. 1989). Thus, assessing the response of higher trophic levels to
periphyton forms is likely to be complicated by this differential top-down control by
grazers through time and may be a reason for prior research of this relationship being
heavily focused on top-down, rather than bottom-up, control.

Measurement of both gross primary productivity (GPP) and net primary
productivity (NPP) in streams has proven troublesome for lotic ecologists compared to
other systems (Allan 1995). There are however, several approaches to doing so, all
with issues in their reliability including biomass accrual over time and stream gas
exchange (O, or CO,) (Allan 1995), although novel approaches have been taken in
streams in recent years (Hill and Dimick 2002, Hill et al. 2010). Often these approaches
are less than satisfactory for stream ecosystems with low productivity levels due to
several factors such as the requirement of estimating diffusion between water and air,
and the inability to limit these measurements to stream autotrophs. Due to the
difficulties in measuring primary productivity in nature, especially in well spatially or
temporally replicated studies, surrogates are widely used such as biomass,
precipitation, actual evapotranspiration (AET), potential evapotranspiration (PET), and
soil nutrient status (Waide et al. 1999, Mittelbach et al. 2001, Gillman and Wright
2006). Inconsistent use of these proxies and nonlinear trends with actual primary
productivity has stymied attempts at deciphering patterns (Whittaker 2010).

Standing crop of periphyton biomass is commonly used as a surrogate for
primary productivity in streams (Morin et al. 1999). Morin et al. (1999) reviewed the
relationship between standing crop chlorophyll a and primary productivity in streams
over a large range of both metrics spanning four orders of magnitude and found a
strong link between the two (r* = 0.63). They suggest this surrogate would be useful as
a coarse estimate of production, but also advocate the addition of temperature as a
covariate. However, it has been recognised that maximum biomass can be a poor
surrogate where herbivory is severe (McNaughton 1985). Another inherent problem
with this relationship is the decline in primary productivity with increased chlorophyll a
standing stock (Morin et al. 1999 and references therein). There are multiple
mechanisms that may lead to this including self shading and shifts in composition of

periphyton (Dudley et al. 1986, Morin et al. 1999).
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It is also important to consider that primary productivity is not the sole food
base of stream communities. Allocthonous detrital input is the other major food base
component of these ecosystems (Minshall 1967, Tank et al. 2010, Finlay 2011). In fact,
early research suggested streams were heterotrophic in nature, depending heavily on
detritus inputs (Tank et al. 2010 and references therein), however recent work in
tropical headwater streams may suggest the opposite (Lau et al. 2009). In New
Zealand, streams often have a large proportion of their length unshaded and thus are
dominated by primary production (Thompson and Townsend 2000) and low
proportions of shredders (Winterbourn et al. 1981, Winterbourn 1997). While both
heterotrophic and autotrophic production are deemed to be highly important to
stream communities, | have chosen to focus on algal based community production in
this thesis and accept the caveats with the use of standing crop of periphyton biomass
as a surrogate of primary productivity.

There is a plethora of other factors that can influence stream communities
(Vinson and Hawkins 1998). However, changes in land use such as agricultural
intensification can severely alter communities living within these landscapes (Harding
et al. 1998, Allan 2004, Tscharntke et al. 2005) and are impacting negatively on
habitats worldwide (Tilman 1999, Allan 2004, Foley et al. 2005). Changes in land use
can both alter the composition of stream communities and cause changes in the flood
regime (Rowe et al. 1997, Walsh et al. 2005). Pastoral development in particular can
impact on stream communities through a suite of mechanisms such as changes to
hydrology, sediment regimes, channel morphology and temperature (Quinn 2000,
Allan 2004). However, the effects of agricultural intensification on flood influences is
relatively unknown (Death 2008). One influence thought to strongly impact stream
communities which can occur through land use change is the presence or absence of
canopy cover. In small streams this can influence the way in which disturbance affects
macroinvertebrate diversity by altering primary productivity patterns (Robinson and
Minshall 1986, Death 2002, Death and Zimmermann 2005, Fuller et al. 2008). Due to
their strong colonising abilities (Mackay 1992, Allan 1995), post-flood recovery of the
food base in autotrophic streams is likely the major determinant of invertebrate

diversity; however this may not apply in heterotrophic streams if the resource base is
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relatively unaffected by disturbance (Death and Zimmermann 2005, Fuller et al. 2008).
This contrasting response of lotic invertebrates between autotrophic and
heterotrophic streams is likely to hinder the generalised application of models such as
the DEM.

It is clear that diversity can be affected by countless environmental influences
(Rosenzweig 1995). However, as with inconsistent environmental sampling, lack of
reliable diversity measures has likely hindered progress towards resolution of such
relationships. Diversity can be coarsely broken down into two main aspects — richness
and evenness, and many indices attempt to merge these (Magurran 2004). In fact
many people, including myself throughout this thesis, interchange the terms richness
and diversity (Magurran 2004). There is still little consensus on which measure is best
as many can obscure patterns, hence the ongoing development of diversity indices
including measures of taxonomic distinctness (Clarke and Warwick 1998). What is
more, these indices assess diversity at its lowest resolution and do not account for
different scales of diversity including B-diversity which has received significant
attention in recent years (e.g. Chase and Leibold 2002, Chase 2010). Moreover, there
is also the question as to whether the number of taxa per unit of area or per unit of
animals collected, which can be accounted for using rarefaction (Hurlbert 1971), is
more important. The approach | take throughout this thesis is to assess whether
richness, namely the number of taxa per unit area, responds to both productivity and
disturbance. Where other indices have been used it is specific to each chapter. | take
an approach that minimises haphazard selection of multiple indices that is common
among researchers in order to find the best patterns on an ad hoc basis (Magurran
2004). It is important to note here that these indices are considered supplementary to

the simple richness measure which forms the basis of this thesis.

A note on statistical paradigms used throughout the thesis

Model selection is a troublesome concept in ecology. Historically, ecologists have
focused almost entirely on classical statistics revolving around the hypothetico-
deductive approach with the ever abundant (if not overused) p-value. However, this is

complicated by the fact that ecological data often does not fit the assumptions of
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classical statistics through issues such as lack of replication, unequal variances and
unbalanced designs. Burnham and Anderson (2002) advocate a departure from this
with the information-theoretic approach focusing heavily on model selection using
Akaike’s information criterion (AIC) (Akaike 1974) rather than falsifying hypotheses. It
is important to note that AIC does not represent a ‘true’ model, but merely indicates
the ‘best’ model of those selected. Thus, | take a mix of approaches throughout this
thesis incorporating mostly classical hypothesis testing but when assessing the fit of

multiple models | adopt an information-theoretic approach to model selection.

Thesis structure and aims

These uncertainties in relationships between diversity, disturbance and productivity,
especially in streams, led me to this study to examine the linkages between
productivity, disturbance and diversity of macroinvertebrate communities in streams.
The objectives of each of the remaining six chapters are as follows:

e Chapter 2 examines the relationship between productivity, disturbance and
diversity in mountain streams in the central North Island of New Zealand. This
chapter assesses the application of the DEM in these stream communities and |
develop a new model for the prediction of taxonomic richness by productivity
and disturbance in streams. Moreover, | assess whether the presence of
canopy cover confounds the relationship between productivity, disturbance
and diversity in streams.

e Chapter 3 investigates whether the relationship between productivity,
disturbance and diversity is consistent between landscapes. Due to the level of
land use change worldwide it is important to consider whether it can affect
these relationships. Thus, | test whether the productivity-disturbance-diversity
relationship differs between a pristine region (Tongariro National Park) and a
more altered region (central Hawke’s Bay) through land clearance and pastoral
farming. The streams in this chapter were sampled multiple times to evaluate
seasonal variation and, to test the productivity-disturbance-diversity
relationship, | fit these data to the DEM, the model developed in Chapter 2, and
Death’s (2002) model of diversity.
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Chapter 4 assesses the relationship between productivity and diversity in
streams of Cantabria in northern Spain. Lack of direct assessment of the
productivity-diversity relationship in streams outside of New Zealand led me to
assess the link in Spanish streams in order to provide more in depth analysis of
this relationship. | assess whether there is a clear relationship between
productivity and diversity in these streams, or whether underlying biological
interactions between invertebrates and periphyton are more important. That
is, | test whether underlying relationships between invertebrates and the main
growth forms of periphyton are better at predicting community metrics in
stream than a simple productivity measure.

Chapter 5 examines whether there is a consistent productivity-diversity
relationship in lotic systems at two locations around the world. For this |
compare the productivity-diversity relationship between streams of the central
North Island of New Zealand and those of northern Spain. | further explore this
relationship to assess whether differences in patterns are simply due to
measurement along different environmental scales and assess whether
combining these regions can yield a universal productivity-diversity relationship
for streams.

Chapter 6 uses experimental channels in spring-fed streams in order to assess
both productivity- and disturbance-diversity relationships and whether these
differ with the scale of observation. Specifically, | use proxies of large scale
patterns such as a, B and y diversity by assessing taxonomic richness at within-
and between-stream scales, and between-stream community dissimilarity; and
| examine whether the form of these relationships differ between scales using
experimental levels of productivity and disturbance. | discuss possible causes
for differences between scales such as community assembly rules.

Chapter 7 briefly synthesises the findings throughout the five main chapters of

this thesis.
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Chapter 2: Interactive effects of productivity and disturbance on stream diversity

Abstract

The application of diversity models in lotic systems has been somewhat unsuccessful
as stream communities don’t often fit conventional model assumptions. Although it is
clear that disturbance and productivity are dominant forces in lotic systems, the
inability of the Dynamic Equilibrium Model (DEM) to explain observed patterns
suggests specific models are required for these systems that are not constrained by
competitive-colonising trade-offs. We set out to (i) test the application of the DEM in
47 mountain streams in the central North Island of New Zealand and (ii) develop a
modified model based on observed relationships in this study that accounts for the
confounding influence of canopy cover. Although canopy cover had no influence on
productivity, a link between disturbance and productivity was only found in open
canopy streams where taxonomic richness increased log-linearly with increasing
productivity and peaked at intermediate levels of disturbance. When accounting for
evenness of communities, the results were more inconsistent exhibiting a decline with
disturbance, but not at open canopy sites. However, both taxonomic richness and
Simpson’s diversity index were higher in closed canopy streams. Overall, we show that
richness of stream invertebrates in the present study is a product of both disturbance
and productivity but not of their interactive effects. Although there was a peak in
richness at intermediate rates of disturbance, our results do not support the DEM. We
suggest the combined effects of productivity and disturbance are additive rather than
multiplicative supporting other studies that suggest productivity simply sets the upper

limit to richness in streams.
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Introduction

Establishing what factors control diversity in nature has long been an important theme
of research in ecology (Huston 1994, Rosenzweig 1995, Hubbell 2001). Although many
factors can affect diversity (Palmer 1994, Vinson and Hawkins 1998), there is still
considerable debate over how they might interact (Hubbell 2001). In particular,
several studies in a variety of ecosystems have demonstrated that disturbance and
productivity can interact to affect diversity, but the form of this interaction varies
(Sousa 1984, Pickett and White 1985, Currie 1991, Wootton 1998, Waide et al. 1999,
Mittelbach et al. 2001, Death and Zimmermann 2005, Cardinale et al. 2006).

Disturbance is one of the major structuring forces in lotic systems (Resh et al.
1988, Lake 2000, Death 2010). A dominant paradigm in disturbance ecology, the
Intermediate Disturbance Hypothesis (IDH), has been amongst the most widely applied
ecological theories (Grime 1973b, Connell 1978, Sousa 1979). However, there has
been little empirical support for this hypothesis in streams, possibly because many
stream organisms are highly mobile (but see Townsend et al. 1997). In fact, the
literature suggests that the disturbance-diversity relationship is highly variable in
nature generally (Mackey and Currie 2001). What is more surprising is that many
studies show no or weak effects of disturbance on diversity or community structure
(Mackey and Currie 2000). In lotic systems, the disturbance-diversity relationship can
be confounded by the fact that disturbance not only acts directly on benthic
invertebrates but indirectly by the removal of food resources (Death 2002). Thus
several authors have proposed that the nature of the disturbance-diversity
relationship is controlled by habitat productivity altering population growth rates
(Huston 1979, 1994, Kondoh 2001, Cardinale et al. 2006).

The relationship between productivity and diversity has also been an important
research theme in ecology (Currie 1991, Abrams 1995, Waide et al. 1999, Mittelbach et
al. 2001). However, just as with the disturbance-diversity relationship, the form of the
relationship can be quite variable (Abrams 1995, Waide et al. 1999, Mittelbach et al.
2001). The most commonly reported relationships are unimodal (e.g. Grime 19733,

Huston 1979, Rosenzweig 1992, 1995, Leibold 1999, Waide et al. 1999, Mittelbach et
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al. 2001) or linear (e.g. Currie and Paquin 1987, Currie 1991, Abrams 1995, Waide et al.
1999, Gaston 2000, Mittelbach et al. 2001) increases in diversity with increasing
productivity. The variation in observed patterns may be a result of the scale of
observation which has ranged from local, to regional and global comparisons (e.g.
Currie 1991, Chase and Leibold 2002). However, local scale studies often find
unimodal relationships (Waide et al. 1999, Mittelbach et al. 2001, Chase and Leibold
2002) which are potentially explained by many mechanisms (Rosenzweig and
Abramsky 1993, Abrams 1995, Waide et al. 1999) that often require some form of
competitive trade-off.

An extension of the IDH, the dynamic equilibrium model (DEM) (Huston 1979,
1994), predicts that the level of disturbance maximising diversity changes with habitat
productivity. Using the patch occupancy models of Hastings (1980) and Tilman (1994),
Kondoh (2001) expanded this model to account for metapopulation dynamics, multiple
trophic levels and patchy disturbances. This modified model provides an alternative to
prior models by allowing disturbances to create niche opportunities for the expression
of various life-history traits. However, like the DEM, it also predicts that diversity will
peak at intermediate levels of productivity and disturbance with the position of the
peak on one scale depending on the level of the other. Models such as the IDH, DEM
and Kondoh’s model assume a trade-off between competitive and colonisation ability
whereby organisms are either good colonisers or good competitors but not both
(Chesson and Huntly 1997, Roxburgh et al. 2004, Cadotte 2007). There appears to be
little evidence for the generality of competitive exclusion in stream communities
(Reice 1985, Death and Winterbourn 1995), and it appears more likely that carrying
capacity may be determined by the productivity/resource supply rates of a site (Gross
and Cardinale 2007, Death 2008). Accordingly, Death (2002) proposed that in the
absence of disturbance, resource levels rather than competitive interactions set an
upper limit to the richness of communities through colonisation, whilst disturbance
resets the colonisation process by removing animals and thus taxa, and resetting
resource levels.

The presence or absence of canopy cover in small streams can influence the

way in which disturbance affects macroinvertebrate diversity by regulating primary
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productivity (Robinson and Minshall 1986, Death 2002, Death and Zimmermann 2005,
Fuller et al. 2008). As a large proportion of lotic invertebrates have good colonising
abilities after disturbance (Mackay 1992, Allan 1995), it is likely that post-flood
recovery of the food base is the major determinant of invertebrate diversity in
autotrophic streams (Death and Zimmermann 2005). This may not be the case in
heterotrophic streams if the resource base is relatively unaffected by disturbance (i.e.
as much organic matter is washed in as is washed out). Fuller et al. (2008) suggest that
when periphyton recovery is not limited by nutrients, open canopy sites are more
resilient to disturbance than sites with canopy cover. Conversely, sites with canopy
cover are more resistant because the invertebrate community recovery is not as
dependent on periphyton re-growth post disturbance as in open canopy sites (Fuller et
al. 2008). The contrasting response of lotic invertebrates to productivity and
disturbance between autotrophic and heterotrophic streams is likely to hinder the
generalised application of models such as the DEM. That is, where retention of organic
matter in forested streams is sufficient, macroinvertebrate communities are likely to
respond differently to disturbance than in autotrophic streams as they are less
dependent on primary productivity.

Several studies have recently assessed the DEM in a variety of ecosystems (e.g.
Scholes et al. 2005, Cardinale et al. 2006, Svensson et al. 2007, Haddad et al. 2008,
Sugden et al. 2008). However, the results have been equivocal with the response of
communities to productivity and disturbance varying inconsistently between
ecosystems and little evidence of interactive effects (but see Cardinale et al. 2006). In
this study we test the DEM on benthic invertebrate communities from mountain
streams in the central North Island of New Zealand. We investigate whether the
observed levels of productivity and disturbance are sufficient to explain diversity
patterns exclusively in these streams, or whether the relationship is modulated by the
presence of canopy cover over the stream. We hypothesise that benthic invertebrate
diversity is a product of the interaction between substrate disturbance and primary
productivity, assessed as bed stability and periphyton biomass, respectively, and that
this relationship will be stronger at open canopy sites than at sites with canopy due to

tighter coupling with algal food resources. We discuss whether diversity patterns in
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these streams can be better explained by a modified productivity-disturbance-diversity
model that is not constrained by the competitive-colonising trade-off inherent with the

DEM.

Methods

Study sites

Forty seven first- to sixth-order streams and rivers were selected for sampling around
the mountains of the Tongariro National Park, New Zealand (Fig. 1). The park is
dominated by the central volcanic massif of Mt Ruapehu (2,797 m asl), Mt Ngauruhoe
(2,287 m asl) and Mt Tongariro (1,967 m asl) and the Tihia-kakaramea volcanic massif
to the north made up of predominantly andesitic geology. The Kaimanawa Ranges rise
to ~1,799 m asl to the east of the Tongariro National Park and are made up of Torlesse
Group graywackes and argillites, with variable coverings of volcanic ash deposits. The
northern and western parts of the park have an average rainfall of 1,800-3,500 mm yr’
! with the south and east only receiving around 1,100 mm yr™* due to the rain-shadow
cast by the three mountains from the prevailing westerly winds. Vegetation within and
around the park varies from broadleaf-podocarp, mixed beech-podocarp, exotic Pinus
radiata plantation, native tussock and scrubland, to bare ground in the eastern rain-
shadow of the three central volcanoes.

All sampling sites had less than 10 % catchment pastoral land use and greater
than 90 % volcanic hard sedimentary geology. Thus, water quality at these sites is
relatively unimpaired by human influences, and flows are unmodified other than the
effects of run-of-river hydro-electric dams at ten sites. Elsewhere sites varied

hydrologically from stable spring-fed streams, to runoff-fed streams.

Biological collections

Macroinvertebrates were sampled on one occasion from early February to late April
2007. Five 0.1 m? Surber samples (500 um mesh) were taken from random locations in
riffles throughout approximately 50 m reaches at each site. Samples were preserved

in 10 % formalin and later identified in the laboratory to the lowest possible taxonomic
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level using available keys (e.g. Towns and Peters 1996, Winterbourn et al. 2000). Taxa
that could not be taken to species level were identified to morphospecies. Density
(individuals 0.1 m™), number of taxa and Simpson’s diversity index (1-A") (Simpson
1949) were calculated to summarise different aspects of diversity. These metrics were

the mean values calculated for the five individual samples at each site.
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Figure 1: Location of 47 sites in the Tongariro National Park, central North Island, New Zealand,
sampled between February and April 2007.

Periphyton biomass, assessed as chlorophyll a, was used as a surrogate for
primary productivity. Morin et al. (1999) reviewed the relationship between
chlorophyll a and productivity in streams and found a strong link between the two (r* =
0.63). Moreover, Tonkin and Death (In prep.) found a strong link between biomass
accumulation on artificial substrate and chlorophyll a on natural substrates (r* = 0.74)
in these streams. Periphyton biomass was estimated from measures of chlorophyll a
from five stones (mean area: 60 cm?) collected randomly from each site. Stones were

kept cool in the dark before being frozen. Chlorophyll a was extracted using 90 %
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acetone at 5°C for 24 h in the dark. Absorbances were read on a Varian Cary 50 conc
UV-Visible Spectrophotometer (Varian Australia Pty Ltd, Mulgrave, Australia) and
converted to pigment concentration following Steinman and Lamberti (1996). Stone
surface area was estimated following Graham et al. (1988) and then halved to correct

for the proportion of the stone available for periphyton growth.

Physicochemical and substrate variables

Bed stability/substrate disturbance was assessed using the Pfankuch stability index
(Pfankuch 1975). Only the bottom component of the index (rock angularity,
brightness, packing, percent stable materials, scouring, and amount of clinging
vegetation) was used, as this is more relevant to stream invertebrate communities
(Winterbourn and Collier 1987, Death and Winterbourn 1994).

Substrate size composition was assessed using the ‘Wolman Walk’ method
where the beta axis of 100 stones was measured at approximately 1 m intervals across
a zigzag transect at 45° to the stream bank (Wolman 1954). Percentage substrate
composition of Wentworth scale classes was converted to a single substrate size index
by summing midpoint values of size classes weighted by their proportion. Bedrock was
assigned a nominal size of 400 mm for use in the calculations (Quinn and Hickey 1990).

Conductivity, temperature and pH were measured using Eutech instruments
ECScan pocket meter. Depth and velocity were recorded with a Marsh-McBirney
flowmate current meter in the thalweg of each stream at five equidistant intervals
along the study reach. Flow type of each site was assessed visually as percentage of
backwater, pool, run or riffle over a 100 m reach. Coarse particulate organic matter
(CPOM) was assessed visually as the percent bed cover of leaf litter within the 50 m
reach. Fine particulate organic matter (FPOM) was not measured as POM has not
been shown to be an important determinate of invertebrate community structure in
New Zealand streams (Scrimgeour and Winterbourn 1989, Death and Winterbourn
1995). Riparian vegetation percent composition (native forest, native scrub, planted
forest, pasture and bare ground) and % canopy cover over the stream channel were

also assessed visually.
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In order to test for differences in the disturbance-productivity-diversity
relationship between open canopy and sites with canopy cover, sites were divided in
half to create an open canopy and a canopy cover group differentiated at the median
value of around 30 % cover. Specifically, open canopy sites (n = 24) were those with
less than 30 % overhead cover and sites with canopy cover (n = 23) those with greater
than or equal to 30 % overhead cover, 17 of which had >50 % cover. These groups

were kept for all analyses, as well as carrying out analyses on the complete data set.

Statistical analysis

To explore differences in community structure between open and closed canopy
streams we carried out analysis of similarities (ANOSIM) (Clarke 1993) on log (x + 1)
data using Bray-Curtis similarity in Primer v6 (Clarke and Gorley 2006). We then used
similarity percentages (SIMPER) (Clarke 1993) to explore which taxa contributed to the
differences between canopy (Clarke and Gorley 2006).

In order to test for differences in physicochemical variables, periphyton and
diversity between open canopy and sites with canopy cover, we carried out analysis of
variance (ANOVA) using Statistix (Statistix 8 ©, Analytical Software, Tallahassee, FL,
U.S.A.). Differences in productivity between canopy types were determined with
analysis of covariance (ANCOVA) with disturbance and stream width as covariates. If
required, data were log (x + 1) transformed to adjust for normality. Regressions and
ANCOVA between disturbance, productivity and diversity were carried out in Statistix
(Statistix 8 ©, Analytical Software, Tallahassee, FL, U.S.A.).

The DEM predicts a unimodal relationship between diversity and productivity,
disturbance and the interaction between productivity and disturbance. To test this we

fitted our data to the following polynomial:

S=bg+biP+b,C+bsP+byC+bsPxC

where P is the disturbance assessed as the Pfankuch index bottom component and C is

productivity assessed as chlorophyll a (ug cm™). In order to explore the productivity-
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disturbance-diversity relationship further we developed the following models based on

regressions between the individual predictors and richness observed in the results:

Model 1

S=by +b1P + b,[In(C)] + b3P*+b4PXC
Model 2

S=bg +b1P +b,[In(C)] + b3P’

Model 1 has the interaction term between disturbance and productivity included and
model 2 has the interaction excluded in order to explore the interactive effects of

productivity and disturbance.

Results

Physicochemical conditions

Conductivity ranged from 40 to 298 uS cm™ and was higher in open than closed canopy
streams (Table 1) but did not differ with the source of streams (i.e. runoff-fed, spring-
fed, or dammed) (F, 45 = 0.92, P = 0.41). Spot temperature ranged from 6.6 to 17.6°C
at all sites and was slightly lower in spring-fed streams (F; 45 = 3.29, P = 0.047) but did
not differ with canopy cover (Table 1). Mean velocity and depth ranged from 0.16 to
1.46 m s and 5.7 to 52.2 cm, respectively, and were greater in open canopy streams
(Table 1). Overhead cover and stream width were negatively correlated (r = -0.45, P =

0.001), thus width was greater at open canopy sites (Table 1).

Taxonomic composition

The presence or absence of canopy cover was a strong structuring force acting on
community structure in these streams (ANOSIM R = 0.137, P = 0.001). Ephemeroptera,
Plecoptera, Trichoptera and Chironomidae were the dominant taxa in all study sites.
The mayfly Deleatidium spp., the stonefly Zelandoperla spp., the elmid beetle larvae
Hydora spp. and chironomid Maoridiamesa spp. were abundant at both open canopy

and sites with canopy cover (>3.7 % contribution at both canopy treatments). No
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single taxon contributed more than 5 % to the difference in community structure
between open and closed canopy streams (SIMPER: avg. dissimilarity = 58.7). Four
chironomids were amongst the top five contributors to differences in community
structure between open and closed sites (>3.5 % contribution to differences). The
filter feeding mayfly Coloburiscus humeralis was strongly associated with sites with
canopy cover (5.3 % contribution) as were Oligochaeta (5.1 % contribution), the mayfly
Austroclima sepia (3.2 % contribution) and cased caddisfly Beraeoptera roria (3.6 %
contribution). The net-spinning caddisfly Aoteapsyche colonica (6.4 % contribution)
and the tipulid Aphrophila neozelandica (3.3 % contribution) were found more

commonly at open canopy sites.

Table 1: Mean (£ 1 S.E.) physicochemical, periphyton and invertebrate community
characteristics for open and closed canopy streams collected from 47 streams in the Tongariro
National Park, New Zealand, between February and April 2007. F and P values for one-way
ANOVA testing for differences between open and canopy streams are also given. S| =
substrate size index, CPOM = coarse particulate organic matter.

Open canopy Closed canopy Fi, 45 P

Width (m) 12.9(1.95) 5.63 (1.03) 10.63 0.002
Depth (cm) 31.05 (1.85) 23.16 (2.42) 6.77 0.013
Velocity (m's™) 0.89 (0.04) 0.67 (0.08) 6.53 0.014
Conductivity (uS cm™) 131.58 (14.15) 93.17 (7.66) 5.56 0.023
Temperature (°C) 10.71 (0.45) 10.87 (0.44) 0.06 0.8
pH 7.88(0.12) 8.03 (0.06) 1.14 0.29
S| 152.59 (9.02) 134.98 (11.21) 1.51 0.23
CPOM (%) 2.46 (0.99) 12.48 (2.93) 10.88 0.002
Slope (m/10 m) 3.77 (0.35) 4.87 (0.5) 3.34 0.074
Pfankuch score 36.88 (2.12) 30.09 (2.42) 4.48 0.04
Chlorophyll a (ug cm™) 1.88(0.3) 1.87 (0.23) <0.01 0.98
No. of taxa 0.1 m™ 14.78 (1.02) 18.02 (0.91) 5.6 0.022
No of individuals 0.1 m? 327.5(59.52) 275.92 (32.15) 0.57 0.46
Simpson's (1-\") 0.74 (0.02) 0.81 (0.01) 9.52 0.004

Periphyton and stability
Chlorophyll a ranged from 0.03 to 5.02 ug cm and averaged 1.87 ug cm2. There was

no difference in chlorophyll a between open and closed sites (Table 1), and providing
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stream width as a covariate did not change this (ANCOVA: F; 44 = 0.33, P = 0.57). Sites
with canopy cover were more stable (Pfankuch index) but differences in site stability
did not account for the lack of difference in periphyton biomass between open canopy
and sites with canopy cover (ANCOVA: Fy, 44 = 0.14, P = 0.71). Periphyton biomass was
not related to stability (Pfankuch index) for all sites combined (F; 45=1.21, P = 0.28, r
= 0.026; Fig. 2) or for only sites with canopy cover (Fy,21 = 0.34, P = 0.57, r* = 0.02; Fig.
2), but declined with decreasing stability at open sites (F1 ,, = 4.46, P = 0.05, r’=0.17;
Fig. 2). In fact, multiple correlations show no single variable was related to periphyton
biomass with all sites included. CPOM was not related to stability at all sites (Fy,45 =

0.46, P = 0.5), open canopy sites (F1, 22 = 0.62, P = 0.44) or sites with canopy cover (Fj,
1 =2.73,P=0.11).
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Figure 2: Mean (+ 1 S.E.) chlorophyll a as a function of the bottom component of the Pfankuch

stability index collected from 47 streams in the Tongariro National Park, New Zealand,
between February and April 2007. Open circles are open canopy streams and closed circles
are sites with canopy cover. Regression line represents only open canopy sites; see text for fit

statistics and equation.

Density and diversity
The mean total density of invertebrates in the benthos ranged from 3.8 individuals 0.1

m at site 32 to 1205 individuals 0.1 m™ at site 29. Density did not differ between
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open canopy and sites with canopy cover (Table 1). Density increased logarithmically
with increasing periphyton biomass and declined at an increasing rate with increasing
disturbance levels (Table 2). If open canopy sites were considered separately, density
also increased logarithmically with increasing periphyton biomass (Fig. 3; Table 2) and
peaked at low to intermediate levels of stability (Fig. 3; Table 2; AIC: -33.3) rather than
declining monotonically (F1, ,,=12.92, P = 0.001, = 0.37; AIC: -32.4). No relationship
with periphyton biomass or stability was evident at sites with canopy cover (Fig. 3;
Table 2). The number of individuals was not related to CPOM at all sites (Fy, 45 = 0.04, P
= 0.84), open sites (F1,22 = 0.01, P = 0.94) or sites with canopy cover (F1,51 = 0.03, P =
0.87).

Table 2: Results of regression analysis for mean number of individuals (density) and mean
number of taxa as a function of a) bottom component of the Pfankuch stability index and b)
chlorophyll a (ug cm™) collected from 47 streams in the Tongariro National Park, New Zealand,
between February and April 2007. D.f. = degrees of freedom.

D.f. F P I Equation

a) Pfankuch

Density 2,44 6.21 0.004 0.23 y = 1.74 + 0.054x — 0.001x>
Open canopy 2,21 9.43 0.001 0.47 y=1.64+0.07x— 0.001x*
Closed canopy 1,21 0.01 0.91 0.0006 Non-significant

No. of taxa 2,44 7.01 0.002 0.24 y =9.90 + 0.64x — 0.01x*
Open canopy 2,21 13.42 0.0002 0.56 y=-10.59 + 1.76x — 0.03x°
Closed canopy 1,21 1.20 0.29 0.05 Non-significant

b) Chlorophyll a

Density 1,45 42.23 <0.0001 0.48 y=2.22 +0.28'In(x)
Open canopy 1,22 36.07 <0.0001 0.62 y=2.24+0.31"In(x)
Closed canopy 1,21 2.99 0.099 0.13 Non-significant

No. of taxa 1,45 25.54 <0.0001 0.36 y=15.48 + 2.97°In(x)
Open canopy 1,22 22.93 <0.0001 0.51 y=14.41+2.79'In(x)
Closed canopy 1,21 4.22 0.053 0.17 Non-significant

The mean number of taxa collected per sample averaged 16.4 taxa 0.1 m™
ranging from 2.2 taxa 0.1 m™ to 27.8 taxa 0.1 m™>. Taxonomic richness was higher at
sites with canopy cover than at open canopy sites (Table 1). Richness increased
logarithmically with increasing periphyton biomass and peaked at intermediate levels

of disturbance (Table 2). With open canopy sites considered separately, richness
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increased

logarithmically with

increasing periphyton biomass and peaked at

intermediate levels of disturbance (Fig. 4; Table 2). No relationship with periphyton

biomass or stability was found at sites with canopy cover (Fig. 4; Table 2). The number

of taxa was not related to CPOM at all sites (Fy, 45 = 3.79, P = 0.058), open sites (F1,22 =

1.47, P = 0.24) or sites with canopy cover (F;,,1 = 0.49, P = 0.49).
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Figure 3: Mean ( 1 S.E.) log number of animals as a function of (a, b) chlorophyll a and (c, d)
bottom component of Pfankuch stability index collected from 47 streams in the Tongariro
National Park, New Zealand, between February and April 2007. (a, c) Open canopy sites and
(b, d) sites with canopy cover. See Table 2 for regression results.
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Figure 4: Mean (+ 1 S.E.) number of taxa as a function of (a, b) chlorophyll a and (c, d) bottom
component of Pfankuch stability index collected from 47 streams in the Tongariro National
Park, New Zealand, between February and April 2007. (a, c) Open canopy sites and (b, d) sites
with canopy cover. See Table 2 for regression results.
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Simpson’s diversity index was higher at sites with canopy cover than open
canopy sites (Table 1), and declined with decreasing stability when all sites were
considered together (Fy 45 = 6.94, P = 0.01, r’ = 0.13; y = 0.866 — 0.00263x). This
declining trend in Simpson’s index with stability was significant at sites with canopy
cover (Fy,45 = 13.15, P = 0.002, r’ = 0.39; y = 0.9 - 0.00291x) but not at open canopy
sites (Fy,45 = 0.14, P =0.71, r* = 0.006). Simpson’s index was not related to periphyton
biomass at all sites (F, 45 = 0.05, P = 0.83, r= 0.001), open canopy sites (Fy 45 = 0.0006,
P=0098 r = 0.00003) or sites with canopy cover (Fy, 45 = 0.28, P = 0.6, r= 0.013).
Simpson’s index was not related to CPOM at all sites (F; 45 = 0.08, P = 0.78), open sites
(F1,22 =0.03, P =0.86) or sites with canopy cover (F; ,; =2.88, P=0.1).

Model testing

Fitting all sites to the DEM (S = by + b;P + b,C + bsP’+ b4C2+b5PxC) explained 42 % of
the variation in the data (Fs,41 = 5.84, P = 0.0004, r’ = 0.42; Fig. 5; Table 3), however
the only significant coefficient was the intercept (Table 3). For only open canopy sites
the DEM explained 63 % of the variation in richness (Fs 15 = 6.07, P = 0.002, r* = 0.63;
Fig. 6; Table 3) with only the Pfankuch and Pfankuch?® coefficients significant. The DEM
did not fit the data at sites with canopy cover (Fs 17 = 1.88, P =0.15, r* =0.36).

Model 1, with the interaction between productivity and disturbance included (S
= bo + biP + b,[In(C)] + b3P2+b4PxC), explained 70 % of the variation in the open
canopy data (F4 10 = 11.21, P < 0.0001, r* =0.70; Fig. 6; Table 3) and the same amount
of variation (42 %) as in the DEM for all sites (F4 42 = 7.6, P = 0.0001, r? =0.42; Fig. 5;
Table 3). However, the interaction between productivity and disturbance in both the
open canopy sites and the all sites set was not significant. There was no fit at the sites
with canopy cover (Fs,17 = 2.41, P=0.09, r= 0.35).

Model 2 with the interaction between productivity and disturbance excluded (S
=bg +b1P + b,[In(C)] + b3P?) decreased the overall fit slightly to 68 % of the variation in
richness at open canopy sites but the three coefficients other than intercept were
significant (F3 20 = 14.36, P < 0.0001, r* = 0.68; Fig. 6; Table 3). The fit once more

stayed the same as the previous two models with all data included (F3 43 = 10.26, P <
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0.0001, r* = 0.42; Fig. 5; Table 3), and did not fit at sites with canopy cover (Fs, 17 =
1.69, P=0.2, r* =0.21).

Table 3: Coefficients for the three models of taxonomic richness as a function of chlorophyll a
and the bottom component of the Pfankuch stability index on invertebrate communities
collected from 47 streams in the Tongariro National Park, New Zealand, between February and
April 2007. (a) DEM (S = by + b;P + b,C + b3P*+ b,C2+bsPxC), (b) model 1 — with productivity x
disturbance interaction (S = by + b;P + b,[In(C)] + b3P?+b,PxC) and (c) model 2 — without
productivity x disturbance interaction (S = by + b;P + b,[In(C)] + b3P?) where P = Pfankuch and
C = chlorophyll a (pg cm™).

All sites Open canopy sites
Model Coefficient (SE) t P Coefficient (SE) t P
(a) DEM
bo 19.09 (6.99) 2.73 <0.01  -11.35(14.06) -0.81 0.43
b, -0.03 (0.39) -0.09 0.93 1.50 (0.67) 2.24 0.04
b, -1.20 (3.01) -0.40 0.69 3.14 (4.69) 0.67 0.51
b; -0.004 (0.005) -0.67 0.51 -0.02 (0.008) -2.70 0.01
b, -0.15 (0.38) -0.40 0.69 -0.45 (0.43) -1.05 0.31
bs 0.10 (0.05) 1.87 0.07 -0.002 (0.09) -0.02 0.98
(b) Model 1 (interaction)
by 15.19 (5.53) 2.75 <0.01 -9.03 (7.50) -1.20 0.24
b, 0.15 (0.37) 0.40 0.69 1.55 (0.46) 3.38 <0.01
b, 1.88(1.28) 1.47 0.15 2.80(1.11) 2.52 0.02
bs -0.004 (0.005) -0.76 0.45 -0.02 (0.006) -3.48 <0.01
by 0.01 (0.03) 0.46 0.65 -0.02 (0.02) -1.11 0.28
(c) Model 2 (no interaction)
bo 14.6 (5.32) 2.74 <0.01  -6.56(7.22) -0.91 0.37
b; 0.20 (0.35) 0.57 0.58 1.36 (0.43) 3.18 <0.01
b, 2.38 (0.66) 3.40 <0.001 1.79 (0.65) 2.77 0.01
b; -0.004 (0.005) -0.85 0.4 -0.02 (0.006) -3.28 <0.01
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Figure 5: Taxonomic richness as a function of chlorophyll a and the bottom component of the
Pfankuch stability index for open sites and sites with canopy cover collected from 47 streams
in the Tongariro National Park, New Zealand, between February and April 2007. (a) DEM (S =
by +b;P +b,C +b3PP+ b4C2+b5PxC), (b) model 1 — with productivity x disturbance interaction (S
= by + b;P + by[In(C)] + bsP*+b,PxC) and (c) model 2 — without productivity x disturbance
interaction (S = bo + b1P + b,[In(C)] + bsP?) where P = Pfankuch and C = chlorophyll a. See
Table 3 for coefficients and text for model fit.
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Figure 6: Taxonomic richness as a function of chlorophyll @ and the bottom component of the
Pfankuch stability index for open canopy sites only collected from 47 streams in the Tongariro
National Park, New Zealand, between February and April 2007. (a) DEM (S = by + b;P + b,C +
b;P?+ b,C’+bsPxC), (b) model 1 — with productivity x disturbance interaction (S = by + b;P +
b,[In(C)] + b3P*+b,PxC) and (c) model 2 — without productivity x disturbance interaction (S = by
+b;P + b,[In(C)] + b;P?) where P = Pfankuch and C = chlorophyll a. See Table 3 for coefficients
and text for model fit.
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Discussion

Although the DEM explained some of the variation in benthic invertebrate richness (42
% with all sites included), the underlying relationships did not entirely match those
predicted by the DEM. Like Svensson et al. (2007), we found diversity peaked at
intermediate levels of disturbance, measured here as stream bottom stability
(Pfankuch index), irrespective of productivity level; matching the trend predicted by
the IDH (Grime 1973b, Connell 1978, Sousa 1979). Whilst remaining a dominant
paradigm in disturbance ecology, there has been limited support for the IDH in streams
(but see Townsend et al. 1997) and less than 20 % support in all ecological studies
testing this theory (Mackey and Currie 2001). Similarly, little evidence exists
supporting the DEM in streams, although Cardinale et al. (2006) found support in
primary producer communities in a wide variety of mid-Atlantic, North American
streams. The only effect productivity had on this relationship in our study was in

determining the magnitude of the peak of the richness curve.

The role of canopy cover

The relationship between richness, stability and productivity in these mountain
streams was dictated by overhead cover. The fit to the DEM was better at open
canopy sites than sites with canopy cover, and richness was related to productivity and
stability only at open canopy sites. In contrast to the patterns observed with
taxonomic richness, Simpson’s diversity index declined with decreasing stability only
for streams with canopy cover. Although overhead cover was related to stream size,
providing stream size as a covariate did not alter the relationships found between
open sites and sites with canopy cover. Previous studies have found that factors
associated with canopy cover can alter the effects of floods on stream invertebrate
communities (likely through the limitation of available light) (Robinson and Minshall
1986, Death 2002, Death and Zimmermann 2005, Fuller et al. 2008). Most of these
studies also found that floods reduce periphyton and invertebrate diversity at open
canopy sites, while at sites with canopy cover, periphyton and invertebrate

communities showed little or no change (Death 2002, Death and Zimmermann 2005,
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Fuller et al. 2008). In the absence of canopy, periphyton is the dominant food source
for invertebrates in stony streams whereas under canopy it is one of several potential
food sources. Thus invertebrates would be expected to respond more strongly to algal
productivity gradients in open canopy streams, rather than those with canopy cover.
The high mobility of lotic invertebrates allows for rapid recolonisation after
disturbance but is dependent, amongst other things, on resource recovery (e.g.
periphyton) (Mackay 1992, Allan 1995, Death and Zimmermann 2005). As such, in
streams with canopy cover where periphyton resources are low, rate of recovery will
be independent of algal productivity. Fuller et al. (2008) also suggest that when
periphyton recovery is not limited by nutrients, open canopy stream invertebrate
communities are more resilient to disturbances. The streams in this study are likely to
be nutrient limited as they are pristine mountain streams so we would expect
periphyton recovery to be slower than in nutrient enriched streams after any
disturbance.

Although the density of overhead canopy in many New Zealand forests means
periphyton standing crops are often low (Winterbourn and Fegley 1989, Winterbourn
1990, Death and Zimmermann 2005), there was no effect of canopy cover on
productivity in the streams studied here. This may be due to recent unrecorded
disturbance events removing periphyton biomass although this was not evident in the
time leading up to sampling (pers. obs.). Alternatively, it could be a result of
differences in algal quality between open and closed canopy streams such as that
found with communities dominated by grazing resistant basal cells of the filamentous
green alga Stigeoclonium in the absence of light (Steinman et al. 1990, Barquin 2004).
Nonetheless, productivity declined with disturbance at open sites but not at sites with
canopy cover. This may be due, in part, to the fact that the sites with canopy cover
were more stable than the open sites, potentially due to stabilisation of river banks by
riparian trees. Fuller et al. (2008) suggest that canopy cover may lead to communities
more resistant to pulsed disturbances as long as organic matter is retained during
floods or that as much organic matter is washed in as is washed out. We found no
relationship between stability and CPOM, or between CPOM and invertebrate

community diversity. We did not measure FPOM, which is generally considered
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unimportant in New Zealand streams (Scrimgeour and Winterbourn 1989, Death and
Winterbourn 1995), and several studies have found that POM is not related to the
stability of both open and closed canopy New Zealand streams (Scrimgeour and
Winterbourn 1989, Death and Zimmermann 2005). This may be a result of the
comparatively low level of allocthonous material entering or being retained in New
Zealand streams which in turn causes a distinct lack of obligate shredders
(Winterbourn et al. 1981, Winterbourn 1997). Lack of trophic specialisation in New
Zealand stream invertebrates generally, and the dependence on a trade-off between
traits such as competitive and colonising ability (Chesson and Huntly 1997, Roxburgh et
al. 2004, Cadotte 2007), makes the task of fitting models to these communities a

challenge.

Specific effects of disturbance and productivity

As noted earlier, diversity peaked at intermediate levels of disturbance as predicted by
the DEM. The most widely accepted view of how disturbance affects diversity is that it
creates new niche opportunities by removing taxa and interrupting biological
processes such as competitive exclusion (Connell 1978, Huston 1979, 1994, Cadotte
2007). These opportunities allow for the greatest expression of life history traits at
intermediate levels of disturbance. Conversely, in systems where competitive
exclusion is less prevalent or absent, disturbance may simply be resetting the
colonisation process by removing animals and their resource supply (Death 2002). This
has been shown in streams with productivity setting the upper limit to richness rather
than leading to competitive exclusion, and in turn leading to a different relationship to
that predicted by the DEM (Death 2002). Evidence from our study suggests that
disturbance is acting along the lines of the DEM/IDH by maximising richness at
intermediate levels of disturbance. However, no taxa demonstrated strong trends for
either end of the disturbance continuum; what appears to be evident is a large
proportion of taxa are common at intermediate disturbance sites but less so at either
stable or unstable sites. The few taxa to demonstrate any relationship were the
midges Maoridiamesa spp. and one species of Orthocladiinae, and the calocid caddisfly

Zelolessica cheira which declined with disturbance whereas the tipulid Eriopterini
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increased. Moreover, the taxa exhibiting trends for either end of the disturbance
continuum appear to be influenced by specific habitat preferences rather than due to
a competitive hierarchy. For example, Zelolessica cheira favours bryophytes which are
associated with stable spring-fed streams and Maoridiamesa is often associated with
cold stable temperature regimes of spring-fed streams (Barquin and Death 2006).
Sites with much higher proportion of bryophyte cover can exclude other non-
specialised taxa such as the commonly widespread Deleatidium (Suren 1991).

Given that most stream insects are highly mobile organisms, we would expect a
unimodal relationship with disturbance to be less likely than if we were dealing with
sessile organisms (Wootton 1998). Previous studies have shown that stream
invertebrate diversity declines with increasing rates of disturbance (Death and
Winterbourn 1995, Death 2002). Due to the nature of streams, and the lack of
evidence to suggest competitive exclusion occurs in these systems, we feel Death’s
(Death 2002) assertion that disturbance acts by resetting the colonisation process
holds more theoretical application in this situation.

The DEM predicts diversity will be maximised at intermediate levels of
productivity; however, in the present study, richness and density both increased
logarithmically with increasing rates of productivity. This logarithmic increase in
diversity suggests, rather than productivity controlling the rate of displacement of
inferior competitors by superior competitors as predicted by the DEM, productivity is
setting the upper limit to the potential richness of a community, as proposed by Death
(2002). When accounting for evenness, diversity (Simpson’s) was not related to
productivity. Both unimodal (e.g. Grime 1973a, Huston 1979, Rosenzweig 1992, 1995,
Leibold 1999, Waide et al. 1999, Mittelbach et al. 2001) and linear (e.g. Currie and
Paquin 1987, Currie 1991, Abrams 1995, Waide et al. 1999, Gaston 2000, Mittelbach et
al. 2001) relationships have been found between productivity and diversity (Abrams
1995, Waide et al. 1999, Mittelbach et al. 2001). One possible explanation for the non-
uniform responses may be the scale at which a system is observed (Chase and Leibold
2002). Additionally, as with disturbance, if the community comprises highly mobile
taxa in an open environment such as streams, it is likely that competitive exclusion will

not be invoked at higher productivity and thus unimodal relationships will be unlikely.
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Interactions between productivity and disturbance

Both the DEM and our model had no interaction term between productivity and
stability. Using protozoan communities in the laboratory, Scholes et al. (2005)
concluded similarly that diversity responded to both productivity and disturbance
without any interacting effects. The DEM predicts that both the productivity-richness
and disturbance-richness relationships are unimodal, and that the level of one factor
interacts with the other to influence where the peak of that relationship forms. Thus,
productivity and disturbance theoretically interact to allow for the greatest variety of
life history traits to be expressed. Perhaps, because of an absence of a competition-
colonisation trade-off in these streams, this interaction cannot occur and the greatest
diversity is simply at high productivities where resources are allowing more animals to
coexist. Haddad et al. (2008) suggests it is not necessarily a competition colonisation
trade-off but intrinsic growth rates of species that is more important for the response
to disturbance.

Productivity can help to explain the contrasting responses of diversity to
disturbance in ecological communities (Huston 1979, Kondoh 2001), but the model we
developed here simply suggests that, rather than shifting the peak in diversity,
productivity logarithmically increases the magnitude of the unimodal disturbance-
diversity curve. Essentially richness peaks at intermediate levels of disturbance with
productivity determining the magnitude of that peak. Without the interaction
between disturbance and productivity we cannot unequivocally suggest that
disturbance not only acts directly upon invertebrates but on their food supply, as
suggested by Death (2002) and Death and Zimmerman (2005). This lack of interaction
was surprising for two reasons. Firstly, theoretically these should go hand-in-hand
with disturbances creating niches and productivity controlling the rate of colonisation.
Secondly, although important, we believe the main effect of disturbance in streams is
through the removal of the food supply (periphyton) rather than the direct removal of
animals (Death 2002).

This study was conducted in low nutrient streams where the range of
productivity was limited and therefore the results only represent part of the

productivity gradient found in nature. Alpine streams are often characterised by low
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productivity and instability (Milner and Petts 1994, Gafner and Robinson 2007). In
fact, nutrient enrichment in alpine streams can alter the response of stream
invertebrate communities to disturbance (Robinson and Minshall 1986, Gafner and
Robinson 2007). Thus it is important to carefully consider the range of productivities
encompassed in any study (Scholes et al. 2005). Perhaps the crux of the issue here is
that we only encountered the lower end of the scale on the productivity continuum for
assessing the DEM. Consequently, the logarithmic increase in richness with
productivity we found may merely be the peak in a greater unimodal relationship and
an interaction between productivity and disturbance may well occur. Furthermore,
the relationship between productivity and richness is highly variable at smaller spatial

scales (Mittelbach et al. 2001, Field et al. 2009).

Conclusions

In summary, we found little evidence to support the DEM within the range of
conditions encountered, and there was no indication of competitive displacement at
higher levels of productivity as predicted by the DEM. Although productivity and
disturbance were shown to be important determinants of richness, we suggest that
they act independently of each other and are not sufficient to explain patterns in these
mountain streams in isolation of other factors. It appears more complex multivariate
models than those such as the DEM are required to adequately explain diversity in
these natural systems. Although the DEM and our model were sufficient in predicting
diversity in the absence of canopy cover, where canopy was present their success in
predicting diversity was extremely limited. Our model suggests richness peaks at
intermediate levels disturbance in autotrophic streams with productivity determining
the peak of the curve but no statistical evidence of an interaction with disturbance

regulating diversity patterns.
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Abstract

Productivity and disturbance have a strong role in determining diversity patterns in
nature yet whether they operate individually or interact to determine diversity is
unclear. Moreover, what effect land-use change has on this relationship has not been
assessed. We tested whether land-use influenced the relationship between
productivity, disturbance and diversity using data from multiple samplings of 16
streams in two contrasting regions of the North Island of New Zealand. As the
Dynamic Equilibrium Model (DEM) has received inconsistent support in all ecosystems
and little favourable applications in lotic systems, we applied this along with two
previously developed for stream communities. Although the community structure
differed between the two regions, the response of taxonomic richness to productivity
and disturbance was consistent. That is, richness responded log-linearly to
productivity and declined monotonically with disturbance. However, there was no
evidence of an interactive effect of productivity and disturbance. When accounting for
density (rarefaction) the results were inconsistent, exhibiting no relationship with
productivity but declining with disturbance.  Our results suggest the Death
productivity-disturbance-diversity is the most applicable model in these communities
where disturbance simply removes taxa and productivity controls the upper limit to

richness.
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Introduction

The explanation of diversity patterns has been a focus for ecologists for a long time
and continues to be a major challenge due to the multitude of explanatory factors (e.g.
Huston 1994, Hubbell 2001, Ricklefs 2004). Consequently, rather than single factor
models, ecologists have developed ever more complex models to explain diversity
patterns. Mackey and Currie (2001), in their review, highlight the fact that there is an
ever lengthening list of factors that can influence diversity in natural systems, but
there has been little progress in identifying what factors explain the majority of
variation in diversity observed in nature. Emphasis has been on developing diversity
models based on abiotic controls, particularly disturbance interrupting processes such
as competitive exclusion. Of the many factors that have been hypothesised to
determine diversity patterns in natural environments, disturbance (Connell 1978,
Wootton 1998, Lake 2000) and productivity (Currie 1991, Waide et al. 1999,
Mittelbach et al. 2001) are those most often invoked. Often, the appeal of these
hypotheses is their simplicity; however, this can also be their weakness as they may
only apply to a single trophic level (Wootton 1998, Mackey and Currie 2001).
Nevertheless, although these models appear simplistic at a glance they may in fact
account for multiple underlying mechanisms of coexistence (Roxburgh et al. 2004).
Two of the most longstanding models of diversity are the Intermediate
Disturbance Hypothesis (IDH) (Connell 1978) and the Dynamic Equilibrium Model
(DEM) (Huston 1979, 1994). The IDH predicts diversity to peak at intermediate levels
of disturbance and the DEM, and Kondoh’s extension of this model (Kondoh 2001),
builds on the IDH to predict a peak at intermediate levels of productivity and an
interaction between disturbance and productivity. Several empirical studies have
found an interaction between productivity and disturbance to be important in
controlling diversity (e.g. Wilson and Tilman 2002, Kneitel and Chase 2004, Death and
Zimmermann 2005, Scholes et al. 2005). However, at the time of their publication
Mackey and Currie (2000) found little evidence to suggest that disturbance should play

more than a minor role in determining diversity patterns in nature.
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There has been limited support for any of the major models of diversity in lotic
systems (but see Townsend et al. 1997). However, disturbance both alone (Death and
Winterbourn 1995, Lake 2000), and in combination with productivity (Death 2002,
Cardinale et al. 2005, Death and Zimmermann 2005, Cardinale et al. 2006), has been
found to have a strong influence on diversity of stream benthic communities and is
clearly one of the most important structuring forces of stream communities (Resh et
al. 1988, Lake 2000, Death 2008). Yet, there is little consensus on quite how diversity
responds to productivity and disturbance. Streams provide a unique testing ground for
these models because community dynamics are dominated by immigration and
emigration rather than population growth for which most theoretical and empirical
work in this field has been applied. Many of the assumptions of the major diversity
models are not met in lotic communities which are dominated by highly mobile taxa
(Hildrew and Giller 1994, Allan 1995) rather than sedentary organisms such as plants
and corals for which many of these models have been developed.

Death (2002) proposed a model that, like the DEM, has diversity predicted by
the interaction between productivity and disturbance. He found substrate disturbance
had a considerably weaker effect on macroinvertebrate communities in forested
streams where light was limiting primary productivity. He proposed that the principal
effect of disturbance on diversity in New Zealand streams was to limit primary
productivity. This implies that productivity sets an upper limit to invertebrate diversity
in streams and disturbance resets the colonisation process of stream invertebrates.
This model predicts that diversity will increase log-linearly with increasing productivity
and decline linearly with increasing disturbance. Tonkin et al. (In prep.) built on this
model to suggest a quadratic decline in diversity with increasing disturbance and found
a stronger dependence on productivity and disturbance in open, as opposed to closed
canopy streams.

Although there is evidence of an interactive effect of productivity and
disturbance on diversity in numerous ecological systems (Wilson and Tilman 2002,
Kneitel and Chase 2004, Scholes et al. 2005), the way in which this interaction operates
to affect diversity is not clear. Cardinale et al. (2006) found evidence of this interaction

when applying the DEM to a wide range of North American streams, yet when testing
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for this interaction on pristine New Zealand mountain streams, Tonkin et al. (In prep.),
found no such interactive effect of productivity and disturbance on diversity.
Essentially, whether the effects of productivity and disturbance on diversity are
additive or multiplicative is still unclear. We would expect if productivity was
controlling the rate of recolonisation after disturbance that there should be significant
interaction terms.

Habitats worldwide are under threat from increasing land use intensification
(Tilman 1999b, Allan 2004, Foley et al. 2005). Changes in land use such as agricultural
intensification can severely alter the composition and biodiversity of communities
living within these landscapes (Harding et al. 1998, Allan 2004, Tscharntke et al. 2005).
These changes can lead to a subsidy-stress response of communities where the initial
response may be positive but becomes negative at greater rates of environmental
change (Quinn 2000, Niyogi et al. 2007, Death and Collier 2010). Not only will changes
in land use alter the composition of communities, but in streams, alteration of
catchment land use can lead to drastic changes in the flood regime (Rowe et al. 1997,
Walsh et al. 2005). Pastoral development appears to influence lotic communities
through a suite of mechanisms such as changes to sediment, temperature and light
regimes, channel morphology, hydrology, and the food base (Quinn 2000, Allan 2004).
However, research on the influence of agricultural intensification on flood-effects is
limited (Death 2008), but Collier and Quinn (2003) found that pulse disturbance,
through a major catchment-scale flood, can have differential effects on forested and
pasture streams. They suggest that interaction between press disturbance (land-use
change) and pulse disturbance (floods) (Lake 2000) can have strong effects on the
post-flood recovery of lotic communities.

The effects of catchment land use on the response of stream invertebrate
communities to flow disturbance are not well documented. As far as we know, no one
has investigated whether varying composition of communities as a result of different
land use leads to differential responses of diversity patterns to productivity and
disturbance. Here we investigate whether the effects of productivity and disturbance
on diversity differ between a pristine and non-pristine agricultural region by sampling

16 streams on multiple occasions in the North Island of New Zealand. In order to do
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this we fit these data to three models of productivity-disturbance-diversity: the DEM
(Huston 1979, 1994), Death’s (2002) model of diversity specifically developed for
stream communities, and Tonkin et al.’s (In prep.) version of this model. Based on
Tonkin et al. (In prep.) and Death (2002) we predict diversity will increase log-linearly
with productivity and decline (linear or quadratic) with disturbance at pristine sites.
We predict that non-pristine sites will be affected by disturbance more severely than
pristine sites and diversity will decline at the higher levels productivity. We expect the
change in land-use will lead to clearer interactions between productivity and
disturbance due to the more extreme effects of floods on these streams and higher

productivity associated with land-use change to agriculture.

Methods

Study sites

The Tongariro National Park, in the North Island central plateau of New Zealand, is a
world heritage site dominated by a central volcanic massif. Rainfall ranges from 1,100-
3,500 mm yr' and vegetation varies within the park from mixed beech-podocarp
forest to native tussock and scrub. Pastoral farming and wine production dominates
the land-use of Hawke’s Bay, in the East of the North Island, which is characterised by
a warm and dry climate with a mean annual rainfall of 783 mm in the central
Ruataniwha Plains. Eight streams were sampled in each of these two regions which
were selected to represent a pristine (Tongariro) and non-pristine (Hawke’s Bay)
region. Study sites were selected to represent high and low productivity in stable and
unstable streams in each region. Classification of sites as high or low
productivity/stability was based on visual estimates of algal cover, overhead canopy
cover, conductivity and the Pfankuch bottom component (Pfankuch 1975). Figure 1

shows the location of the 16 sites in the North Island of New Zealand.

Sampling protocol
Sampling took place on four occasions between February 2008 and August 2009. Two

samplings took place in the austral summer and two in the austral winter in February
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2008, September 2008, February 2009 and August 2009. Macroinvertebrates were
sampled by taking five 0.1 m? Surber samples (250 um mesh) from random locations in
riffles throughout ~50 m reaches at each site. Samples were stored in 10% formalin
and later identified in the laboratory to the lowest possible taxonomic level using

available keys (e.g. Towns and Peters 1996, Winterbourn et al. 2000).
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Figure 1: Map showing location of the 16 study sites in two regions of the North Island of New
Zealand collected on four occasions between February 2008 and July 2009. a. Tongariro
National Park (pristine) and b. Hawke’s Bay (non-pristine). The key shows the difference
between stable and unstable and low and high productivity sites based on a priori selection.

Periphyton

To assess primary productivity we used a measure of biomass accumulation on tiles
placed on the substrate. One month prior to each of the four sampling occasions one
set of six unglazed terracotta tiles were deployed at each site. Six 45 mm x 45 mm tiles
were attached to one 500 mm x 500 mm interlocking rubber safety mat at each site.
The six tiles were attached at evenly spaced intervals on the mats by drilling 10 mm

holes in tiles and mats and attaching via 10 mm dowell. Mats were secured in place
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flush with the streambed with a metal fencing pole and long tent pegs. These mats
were left in place for one month prior to sampling.

As a second estimate of primary productivity we also measured biomass on
natural substrates at each site by extracting chlorophyll a. Periphyton chlorophyll a
and primary productivity in streams are highly correlated; Morin et al. (1999), in an
extensive review, found a strong log-linear relationship (r* = 0.63) between the two.
Five stones (a axis < 60 mm) were randomly collected from each riffle for extraction of
chlorophyll a.

Stones and tiles were kept cool and dark on ice in the field before being stored
at -20°C. Photosynthetic pigments were extracted from stones or tiles by submerging
in known volumes of 90% acetone for 24 hours at 5°C. Absorbances at 750, 665 and
664 nm were read on a Varian Cary 50 conc UV-Visible Spectrophotometer (Varian
Australia Pty Ltd, Mulgrave, Australia) and converted to chlorophyll a and phaeophytin
pigment concentration using Steinman and Lamberti (1996). These were then
corrected for stone surface area and using Graham et al. (1988) and halved to account

for periphyton being present only on stone surfaces.

Measurement of disturbance
Bed stability/substrate disturbance was assessed using the Pfankuch stability index
(Pfankuch 1975). Only the bottom component of the index (which evaluates rock
angularity, brightness, packing, percent stable materials, scouring, and amount of
clinging vegetation) was used, as this is more relevant to stream invertebrate
communities (Winterbourn and Collier 1987, Death and Winterbourn 1994). We
supplemented this with direct measurement of stone movement at the streams.
Fifteen stones were used at each site, five from each of three size classes were
placed in sets of three (one of each of the three size class) at equidistant intervals
along the study reach (up to 100 m). Stones were selected from the D5y, D7o and Dgg
of individual streams. Stones at each stream were marked with fluorescent spray paint
before being placed in the bed. These tracer particles were placed in the bed as
closely mimicking the surrounding stones as possible without unnecessary disturbance

of the bed (i.e. embedded or sitting loosely). Rather than measure distances moved by
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individual tracers as previous studies have (e.g. Downes et al. 1998, Death and
Zimmermann 2005), stones were simply recorded as moved or not, similar to that of
Townsend et al. (1997). An index of bed movement is simply the percentage of overall
stone movement for each stream. Stone movement was measured for the month

leading up to biological sampling.

Other environmental measures

Substrate size composition was assessed using the ‘Wolman Walk’ method where the
B axis of 100 stones was measured at approximately 1 m intervals across a zigzag
transect at 45° to the stream bank (Wolman 1954). Percentage substrate composition
of Wentworth scale classes was converted to a single substrate size index by summing
midpoint values of size classes weighted by their proportion. Bedrock was assigned a
nominal size of 400 mm (Quinn and Hickey 1990). Conductivity, temperature and pH
were measured using ECScan pocket meters. Depth and velocity were recorded with a
Marsh-McBirney flowmate current meter in the thalweg of each stream at five points
at equidistant intervals along the study reach. Flow type of each site was assessed
visually as percentage of still, backwater, pool, run or riffle over a 100 m
reach. Percentage of leaf litter, riparian vegetation and canopy cover were also

visually assessed.

Community metrics

The number of individuals and two simple measures of diversity were used in this
study: the number of taxa (richness) and rarefied species richness (ESN). Rarefaction
accounts for the likelihood of capturing rare taxa with increased number of individuals
collected (Hurlbert 1971). This is achieved by standardising the sites by predicting the
number of taxa expected for a fixed number of individuals. In order to get sufficient
numbers for the index to be accurate the five replicates at each site were pooled to
give one value for each site. Five site samplings were removed because of the low

number of collected animals and rarefied richness was calculated for 224 individuals.

59



Chapter 3: Productivity, disturbance and diversity between landscapes

Statistical analysis
The effects of productivity, stability and region based on a priori group selection were
assessed using three-way crossed Analysis of Variance (ANOVA) design in Statistix
(Statistix 8 ©, Analytical Software, Tallahassee, FL, U.S.A.). All possible interactions
were included and seasonal samples were included as replicates. All three factors
were treated as fixed. Where required data were log (x + 1) transformed in order to
normalise the data. To visualise differences in community structure between the two
regions and between productivity and disturbance treatments, we carried out a non-
metric multi dimensional scaling (NMDS) ordination on log (x + 1) data using Bray-
Curtis similarity and tested for significance using analysis of similarities (ANOSIM)
(Clarke 1993) in Primer v6 (Clarke and Gorley 2006).
Regression analysis was used to explore relationships between productivity,
disturbance and diversity also using Statistix. Akaike’s Information Criterion (Akaike
1974) was used to determine the best fitting curve to the data when two models fit
the data equally. This method takes into account goodness of fit statistics and the
number of parameters involved in the fitting of the model to select the model most
preferred. We then explored the fit of our data to three main models (and two sub-
models) of diversity in relation to productivity and disturbance. These models are the
Dynamic Equilibrium Model (Huston 1979, 1994) modified by Kondoh to account for
meta-population dynamics (Kondoh 2001), the Death (Death 2002) productivity-
disturbance-diversity model, and a model suggested by Tonkin et al. (In prep.) which
adds to that of Death (2002) by including a quadratic factor between disturbance and
diversity. The five models tested using multiple regression are of the following form:
1. DEM
S=bo+biD +b,C+b3D’+ byC2+bsDxC

2. Death model without interaction between productivity and disturbance
S=bo+biD + b,[In(C)]

3. Death model with interaction between productivity and disturbance
S=bo+biD +b,[In(C)] + bsDxC

4. Tonkin model without interaction between productivity and disturbance

S=bo+biD +b,[In(C)] + b;D?
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5. Tonkin model with interaction between productivity and disturbance

S=bo+biD +by[In(C)] + b;D*+b,DxC

where D = disturbance (percent tracer particle movement), C = chlorophyll a (ug cm™),
S = number of taxa, and by — bs = regression coefficients. In models 1, 3 and 5 the
interaction between productivity and disturbance has been included. Significance of
this term indicates whether the two interact to affect diversity. That is, whether the
multiplicative effects of productivity and disturbance is stronger than the simple

addition of the two regression models.

Results

Physical characteristics and disturbance
Tongariro streams were on average slightly deeper, faster and wider than Hawke’s Bay
streams (Table 1). Hawke’s Bay streams had higher conductivity (average: Hawke’s
Bay = 137.5 pS cm™?, Tongariro = 98.8 pS cm™) and temperature (average: Hawke’s Bay
= 14 °C, Tongariro = 8.8 °C) than Tongariro streams. Little differences in
physicochemical variables were evident between both a priori high and low
productivity groups and stable and unstable groups (Table 1).

There was on average only 14.6 % movement at stable sites compared to 45.8
% at unstable sites (F1, 59 = 12.49, P = 0.0008). Hawke’s Bay streams had greater
overall movement (41.1 %) compared to Tongariro streams (21 %) (F1 59 = 4.5, P =
0.038). There was no difference in artificial substrate movement between season (Fs
s9 = 1.37, P = 0.26). Overall, measurements of substrate movement correlated well
with the bottom component of the Pfankuch index (r = 0.57). Bed movement will

hereafter be used as the measure of disturbance for the remainder of the analysis.

Periphyton
Of the 16 sites and 63 sets of tiles, 32 sets of tiles remained for assessment, the others
either being washed away or shaded by macrophytes. Periphyton biomass on stones

was highly correlated to periphyton biomass on tiles (r = 0.86, P < 0.0001). We
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therefore used chlorophyll a from stones as a surrogate for productivity. Periphyton
biomass, assessed as chlorophyll a, ranged from 0.01 pg cm? to 12.2 pg cm™ at all
sites. Periphyton biomass, not surprisingly, was higher at high (1.46 ug cm™) than low
productivity sites (0.62 pg cm?) (F1,61 = 5.28, P = 0.025). Overall periphyton biomass
did not differ between regions (F1 s9 = 0.15, P = 0.7). However, periphyton biomass
was significantly higher at stable streams (1.40 ug cm?) than unstable streams (0.70 ug
cm™) (F1, 59 = 5.32, P = 0.02). There was no interaction between region and stability
(F1, 59 = 0.28, P = 0.6) (Fig. 2). Periphyton biomass declined with increasing bed
disturbance (Fig. 2; Table 2). This trend was stronger at Hawke’s Bay sites compared to

Tongariro sites but the trend was the same (Fig. 2).
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Table 1: Mean physicochemical characteristics and a priori selected stability and productivity groups for the 16 study streams collected on four occasions
between February 2008 and July 2009 in the North Island of New Zealand. HB = Hawke’s Bay (non-pristine), NP = Tongariro (pristine), alt. = altitude, cond. =
conductivity, temp. = temperature, prod. = productivity.

Site Location Alt. Mean Mean Mean Mean Mean Mean

(m) width depth velocity cond. temp. % moved  Stability Prod.

(m) (cm) (ms™) (uS cm™) Q)

HB1 Makaroro River @ Makaroro Rd 312 5.7 17 0.3 93.3 12.7 95 Unstable Low
HB2 Waipawa River @ Wakarara Rd 315 6.7 19.4 0.48 96.7 12.8 76.7 Unstable Low
HB3 Spring creek @ Swamp Rd 146 4.7 43.6 1.52 170 13.7 33 Stable High
HB4 Spring creek @ Lyndsay Rd 134 3.8 22 1.17 230 14.6 40 Stable High
HB5 Makaretu River @ Burnside Rd 216 5.3 15.8 0.87 96.7 129 60 Unstable High
HB6 Tukipo River @ Burnside Rd 191 7 15 0.2 150 15 30 Unstable High
HB7 Spring 1 @ Ongaonga Waipuk. Rd 143 1.5 15.2 0.42 153.3 14.8 13.3 Stable Low
HB8 Spring 2 @ Ongaonga Waipuk. Rd 139 3.2 75.6 0.07 110 15.5 0 Stable Low
NP1 Wahianoa stream u/s intake 934 6.1 25.6 0.97 70 9.4 50 Unstable Low
NP2 Unnamed Karioi forest stream 935 3.5 22.6 0.96 139.7 8.6 30 Stable Low
NP3 Orautoha stream @ middle rd 712 2.5 24.4 0.55 92.7 8.2 8.3 Stable Low
NP4 Whakapapaiti @ SH4 859 15.8 28.2 0.98 106 8.1 28.3 Unstable High
NP5 Te Piripi stream @SH1 993 2.2 16.6 0.67 67.7 9.1 10 Stable High
NP6 Mangatoetoenui @ SH1 971 9.4 44.2 0.96 133 9.5 25 Unstable Low
NP7 Oturere Stream SH1 809 9.4 42.4 0.86 110.7 8.6 8.3 Unstable High

NP8 Poutu Stream 518 7.7 43.6 1.05 70.3 8.9 8.3 Stable High
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Figure 2: Mean chlorophyll a concentrations (+ 1 S.E.) (a) for sites in each a priori selected
stability group in both regions and (b) as a function of percent stone movement collected in 16
streams, North Island, New Zealand, February 2008-July 2009. Black bars/circles are pristine
(Tongariro) and open bars/circles are non-pristine (Hawke’s Bay). Solid line = all sites, dashed
line = non-pristine sites and dotted line = pristine sites. See text for ANOVA results and Table 2

for regression results.

Community composition

One hundred and eleven taxa were collected from all sites in this study. Although the
Hawke’s Bay sites had more than twice the number of collected animals (93,609) to
that of the Tongariro sites (40,570), 23 more taxa were collected from Tongariro (97)
than in Hawke’s Bay (74). Insect taxa dominated invertebrate communities in both
regions. Ephemeroptera (16.5 %), Trichoptera (28.8 %) and Diptera (28 %) made up
73.4 % of all animals collected. This structure was slightly different between the two
regions with 67.8 % insects in Hawke’s Bay and 86.2 % in Tongariro. Unstable sites
were dominated by the mayfly Deleatidium spp. averaging 47.3 % at unstable-low

productivity sites and 21.1 % at unstable-high productivity sites. Stable-low
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productivity sites were dominated by molluscan taxa (25.8 %) and oligochaetes (18.5

%).

Table 2: Results of regression analysis of chlorophyll a and three invertebrate community
metrics against (a) % stone movement and (b) chlorophyll a collected in 16 North Island, New
Zealand streams on four occasions between February 2008 and July 2009. D.f. = degrees of
freedom. AIC = Akaike’s information criterion where lower numbers represent a better model.

D.f.  F(AIC) P r Equation

a) % moved

Chlorophyll a 1,61 20.1 <0.0001 0.25 y =0.32-0.0028x
Pristine 1,30 6.81 0.014 0.19 y =0.29 - 0.003x
Non-pristine 1,29 19.28 0.0001 0.4 y =0.37-0.003x

No. of individuals 1,61 19.49(-31.01) <0.0001 0.24 y=2.53-0.007x

quadratic 2,60 10.55(-29.67) 0.0001 0.26 y = 2.49 + 0.002x - 0.00009x"

Pristine 1,30 23.04 <0.0001 0.43 y=2.33-0.012x
Non-pristine 1,29 19.65 0.0001 0.4 y=2.76-0.007x

No. of taxa 1,61 33.01(-93.91) <0.0001 0.35 y=1.26 - 0.003x

quadratic 2,60 19.71(-93.90) <0.0001 0.4 y=1.23 +0.002x - 0.00005x"

Pristine 1,30 18.60 0.0002 0.38 y =1.25-0.0045x
Non-pristine 1,29 37.86 <0.0001 0.57 y=1.27-0.0024x

Rarefied richness 1,56 5.92 0.018 0.1 y=19.6-0.04x
Pristine 1,26 0.04 0.84 0.002 Non-significant
Non-pristine 1,28 5.15 0.03 0.16 y=17.55-0.03x

b) Periphyton biomass

No. of individuals 1,61 67.98 <0.0001 0.53 y =2.98 +0.32:In(x)
Pristine 1,30 34.66 <0.0001 0.53 y =2.83 +0.35:In(x)
Non-pristine 1,29 84.44 <0.0001 0.74 y=3.14 + 0.29:In(x)

No. of taxa 1,61 48.64 <0.0001 0.44 y=1.38 + 0.1:In(x)
Pristine 1,30 26.67 <0.0001 0.47 y=1.44 + 0.13:In(x)
Non-pristine 1,29 3296 <0.0001 0.53 y=1.32+0.07:In(x)

Rarefied richness 1,56 0.09 0.76 0.002 Non-significant
Pristine 1,26 0.02 0.9 0.0006  Non-significant
Non-pristine 1,28 0.98 0.33 0.03 Non-significant

NMDS (Fig. 3) and ANOSIM confirmed community structure differed between
the two regions (R = 0.42, P = 0.001, Fig. 3), and using presence/absence data
suggested it was not only abundances that were different but also composition of
species (R =0.47, P =0.001). The greatest variation in densities between communities
occurred within the pristine unstable sites (avg. similarity: 35.9) whereas non-pristine
unstable sites were more similar (avg. similarity: 48.7). Non-pristine stable sites had
the most similar communities (avg. similarity: 52.6; pristine stable avg. similarity: 43.2).
No single taxon contributed more than 5.6 % to the difference between communities

between the regions. Of the most important taxa, Pycnocentrodes aeris, Deleatidium
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spp., Oligochaeta, Potamopyrgus antipodarum and Paracalliope fluviatilis were more
prevalent in Hawke’s Bay streams whereas Maoridiamesa spp., two orthoclad
chironomids, Zelandoperla spp. and Hydora spp. were more abundant in Tongariro.
Although the difference in community structure was greatest between regions, it also
differed between stable and unstable sites (R = 0.16, P = 0.001, Fig. 3) and less so
between low and high productivity sites (R = 0.06, P = 0.017, Fig. 3). However,
community dissimilarities with both stability and productivity were due primarily to
differences in relative abundances of dominant taxa rather than changes in
composition. Deleatidium spp., a species of Orthocladiinae, Maoridiamesa spp., and
the cased caddisfly Pycnocentrodes aeris contributed to 16.4 % of the difference
between stable and unstable sites and 17.7 % between low and high productivity sites.
All of these taxa were higher at high productivity sites and, barring Deleatidium spp.,

higher at stable sites.
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Figure 3: Non-metric multidimensional scaling (NMDS) ordination on log (x + 1) transformed
data for 16 streams collected on four occasions between February 2008 and July 2009 in the
North Island of New Zealand. Closed circles are pristine sites (Tongariro Region), open circles
are non-pristine sites (Hawke’s Bay region). Unstable/low productivity: upright triangles;
Unstable/high productivity: inverted triangles; Stable/low productivity: squares; Stable/high
productivity: circles.
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Density and diversity

The density of invertebrates per 0.1 m? was significantly higher at Hawke’s Bay streams
with 603.93 individuals 0.1 m™ opposed to Tongariro’s 253.58 individuals 0.1 m™
(Table 3). Density was significantly higher at stable than unstable streams, with 578.63
individuals 0.1 m™ at stable streams and 278.1 individuals 0.1 m™ at unstable streams
(Table 3). There was no interaction between stability and region (Table 3). Density
was significantly higher at high productivity sites with 515.8 individuals and 333.2
individuals at low productivity sites (Table 3). There was no interaction between
productivity and stability nor was there a three way interaction including region (Table
3). Density increased logarithmically with increasing periphyton biomass and declined
with increasing bed movement (Fig. 4; Table 2). These relationships were the same for
both regions. However when fitted individually, slight differences in the curves meant

each model explained a greater proportion of the variation in the data (Fig. 4; Table 2).

Table 3: Three-way ANOVA results testing for differences in mean number of animals, mean
number of taxa, and rarefied number of taxa between region and a priori stability and
productivity groups collected in 16 North Island, New Zealand streams on four occasions
between February 2008 and July 2009.

Rarefied richness

No. of animals No. of taxa (ES224)

F P F P F P
Stability 18.19 0.0001 28.81 <0.0001 5.89 0.018
Productivity 13.69 0.0005 15.32 0.0003 0.28 0.6
Region 18.93 0.0001 0.17 0.68 11.58 0.001
Stability x productivity 7.79 0.007 11.31 0.001 3.91 0.053
Stability x region 0.38 0.54 1.95 0.17 2.37 0.13
Productivity x region 3.53 0.065 0.96 0.33 1.59 0.21
Stability x productivity x region 0.81 0.37 7.05 0.01 10.51 0.002

The mean number of taxa per sample at each site (richness) was slightly higher
on average in Tongariro streams with 15.49 taxa 0.1 m? and 14.57 taxa 0.1 m™ at
Hawke’s Bay streams; however, this was not a significant difference (Table 3).
Richness was higher at stable sites with 18.11 taxa 0.1 m? and 12.07 taxa 0.1 m™ at
unstable sites (Table 3). Richness was higher at high productivity sites with 17 taxa and
13 at low productivity sites (Table 3). Productivity and stability interacted to effect
richness and there was also a three-way interaction between productivity, stability and
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region (Table 3). Taxonomic richness increased logarithmically with increasing
periphyton biomass and declined with decreasing bed stability (Fig. 5; Table 2). These
trends were consistent for both regions but the fit of both models was greater at
Hawke’s Bay sites (Fig. 5; Table 2).

Rarefied taxa richness, pooled for 224 individuals was higher at Tongariro
streams with 20.74 taxa at these streams and 16.41 taxa at Hawke’s Bay streams
(Table 3). Rarefied richness was higher at stable sites (19.71) than at unstable sites
(16.89), but there was no difference between high and low productivity groups (Table
3). There was no interaction between region and stability, but productivity and
stability did interact with region (Table 3). Rarefied richness declined gradually with
increasing bed movement (Fig. 6; Table 2). When fitting to each individual region, no
relationship was found between bed movement and rarefied richness at Tongariro
sites (Fig. 6; Table 2). There was no relationship between periphyton biomass and

rarefied richness at all sites (Fig. 6; Table 2).
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Figure 4: Mean number of animals (+ 1 S.E.) collected in 16 North Island, New Zealand streams
on four occasions between February 2008 and July 2009. (a) For each a priori selected stability
and productivity group, (b) as a function of mean chlorophyll a and (c) as a function of percent
stone movement. Black bars/circles are pristine (Tongariro) and open bars/circles are non-
pristine (Hawke’s Bay). Solid line = all sites, dashed line = non-pristine sites and dotted line =
pristine sites. See Table 3 for ANOVA results and Table 2 for regression results.
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Figure 5: Mean number of taxa (+ 1 S.E.) collected in 16 North Island, New Zealand streams on
four occasions between February 2008 and July 2009. (a) For each a priori selected stability
and productivity group, (b) as a function of mean chlorophyll a and (c) as a function of percent
stone movement. Black bars/circles are pristine (Tongariro) and open bars/circles are non-
pristine (Hawke’s Bay). Solid line = all sites, dashed line = non-pristine sites and dotted line =
pristine sites. See Table 3 for ANOVA results and Table 2 for regression results.
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Figure 6: (a) Mean rarefied richness (+ 1 S.E.) calculated for 224 individuals collected in 16
North Island, New Zealand streams on four occasions between February 2008 and July 2009

for each a priori selected stability and productivity group.

(b) Pooled rarefied richness

calculated for 224 individuals as a function of mean chlorophyll a and (c) as a function of
percent stone movement. Black bars/circles are pristine (Tongariro) and open bars/circles are
non-pristine (Hawke’s Bay). Solid line = all sites, dashed line = non-pristine sites and dotted
line = pristine sites. See Table 3 for ANOVA results and Table 2 for regression results.
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Model fitting

All five models explained a large proportion of the variation in taxonomic richness at
all sites (Fig. 7; Table 4; Table 5). The DEM explained 50.9 % of the variation in the
data for the number of taxa (Fig. 7; Table 4). The Tonkin model explained the most
variation in the data with 52.4 % when the interaction between productivity and
disturbance was included and 51.9 % without the interaction (Fig. 7; Table 4). The
Death model explained 47.9 % of the variation with and without the interaction
between productivity and disturbance included (Fig. 7; Table 4). Akaike’s information
criterion shows that the Tonkin and Death models without interaction are the best
models based on a trade-off between simplicity and fit statistics (Fig. 7; Table 4). The
difference between the two AIC values is negligible and thus we can consider these
two equally well fitting. Our model fitting shows that there is no interaction between
the way productivity and disturbance effect richness, thus the effect of productivity
and disturbance on diversity in these streams is additive rather than multiplicative.
The only model of the five to have every coefficient significantly affecting richness is
the Death model without interaction (Fig. 7; Table 5). The productivity coefficients
were significant throughout all five models whereas the only significant disturbance
coefficients were the disturbance? coefficients. Although the DEM explains more than
the Death model, due to the complexity of the model it results as the worst model for
the data (Fig. 7; Table 4). Although the Death model explains the least amount of
variation in the data, the difference between the amount of variation explained by all
five models is small (0.48 < r* < 0.52) (Fig. 7; Table 4).

When fitting the models to each individual region, the Death and Tonkin
models without the interaction term were the most applicable in both regions (Fig. 7;
Table 4). However, model fit was consistently better in the non-pristine sites than the
pristine sites (Fig. 7; Table 4). Although the DEM did explain a large proportion of the
variation, AIC indicated it was the least likely model for these data (Fig. 7; Table 4).
The pristine region responded differently to the three models with the productivity-
disturbance interaction (Fig. 7). The two models with the interaction and a quadratic
relationship between disturbance and diversity suggested diversity at the pristine sites

would decline significantly at high levels of disturbance and productivity (Fig. 7).
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Figure 7: Model fit for mean number of taxa collected from 16 North Island, New Zealand sites
on four occasions between February 2008 and July 2009 with all sites included, pristine only
(Tongariro) and non-pristine only (Hawke’s Bay) sites. (a) DEM, (b) Death model — no P x D
(productivity x disturbance) interaction, (c) Death model — with P x D interaction, (d) Tonkin

model — no P x D interaction, and (e) Tonkin model — with P x D interaction. See Table 4 for
model fit results and Table 5 for model coefficients.
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Table 4: Model fit results for five models predicting mean number of taxa collected from 16
North Island, New Zealand sites on four occasions between February 2008 and July 2009 with
(a) all sites included, (b) pristine only (Tongariro) and (c) non-pristine only (Hawke’s Bay) sites.
With interaction indicates the productivity x disturbance interaction term is included in the
model. RMSE = root mean square error. AIC = Akaike’s information criterion where lower
numbers represent a better model.

D.f. F P RMSE r AIC
a) All sites
DEM 5,57 11.82 <0.0001 0.15 0.51 -93.55
Death 2,60 27.55 <0.0001 0.15 0.48 -97.9
Death (with interaction) 3,59 18.06 <0.0001 0.15 0.48 -95.91
Tonkin 3,59 21.17 <0.0001 0.14 0.52 -98.07
Tonkin (with interaction) 4,58 15.98 <0.0001 0.14 0.52 -96.41
b) Pristine
DEM 5,26 7.71 0.0001 0.17 0.6 -37.68
Death 2,29 14.89 <0.0001 0.18 0.51 -40.86
Death (with interaction) 3,28 9.85 0.0001 0.18 0.51 -39.05
Tonkin 3,28 12.08 <0.0001 0.17 0.56 -40.58
Tonkin (with interaction) 4,27 9.4 <0.0001 0.17 0.58 -39.17
c) Non-pristine
DEM 5,25 11.58 <0.0001 0.08 0.7 -55.53
Death 2,28 24,71 <0.0001 0.09 0.64 -59.08
Death (with interaction) 3,27 15.97 <0.0001 0.09 0.64 -57.13
Tonkin 3,27 21.49 <0.0001 0.08 0.7 -59.82
Tonkin (with interaction) 4,26 16.51 <0.0001 0.08 0.72 -58.41
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Table 5: Model coefficients results for five models predicting mean number of taxa collected from 16 North Island, New Zealand sites on four occasions
between February 2008 and July 2009 with all sites included, pristine only (Tongariro) and non-pristine only (Hawke’s Bay) sites. With interaction indicates

the productivity x disturbance interaction term is included in the model. D = disturbance and P = productivity.

All sites Pristine Non pristine
Coefficient (S.E.) t P Coefficient (S.E.) t P Coefficient (S.E.) t P
DEM
o) 1.07 (0.06) 18.14  <0.0001 1.03 (0.08) 13.13 <0.0001 1.11 (0.08) 13.28  <0.0001
0.004 (0.003) 1.55 0.13 0.01 (0.006) 1.75 0.092 0.004 (0.003) 1.49 0.148
P 0.79 (0.28) 2.82 0.007 1.06 (0.42) 2.54 0.017 0.65 (0.36) 1.79 0.086
2 -0.00006 (0.00002) -2.44 0.017 -0.0001 (0.00001) -2.38 0.025 -0.0001 (0.00002) -2.4 0.024
p’ 0.6 (0.28) 217 0.034 -0.76 (0.4) -1.91 0.067 -0.65 (0.38) -1.73 0.095
DxP 0.0001 (0.005) 0.02 0.98 -0.03 (0.02) -1.02 0.32 -0.0004 (0.004) -0.12 0.91
Death
o) 1.36 (0.04) 37.99  <0.0001 1.41 (0.07) 20.63 <0.0001 1.31(0.03) 46.71  <0.0001
D -0.001 (0.0006) -2.01 0.049 -0.002 (0.001) -1.46 0.16 -0.002 (0.001) -2.87 0.008
P 0.07 (0.02) 3.83 0.0003 0.1 (0.04) 2.7 0.011 0.04 (0.02) 2.36 0.025
Death (with interaction)
o) 1.36 (0.05) 29.78  <0.0001 1.38 (0.08) 17.91  <0.0001 1.3 (0.04) 3093  <0.0001
D -0.001 (0.0009) -1.31 0.19 -0.003 (0.002) -1.55 0.13 -0.002 (0.001) -1.78 0.087
P 0.08 (0.03) 2.92 0.005 0.09 (0.04) 2.25 0.033 0.03 (0.03) 1.13 0.27
DxP -0.0003 (0.005) -0.06 0.95 0.01 (0.02) 0.62 0.54 0.001 (0.004) 0.3 0.77
Tonkin
yO 1.34 (0.04) 36.88  <0.0001 1.37 (0.07) 19.9 <0.0001 1.25 (0.03) 40.64  <0.0001
D 0.004 (0.002) 1.56 0.12 0.005 (0.004) 1.27 0.22 0.002 (0.03) 0.98 0.33
P 0.07 (0.02) 3.86 0.0003 0.09 (0.04) 2.49 0.019 -0.002 (0.07) -0.02 0.98
2 -0.00005 (0.00002) -2.21 0.031 -0.0001 (0.00004) -1.92 0.065 -0.00004 (0.00002) -2.13 0.042




Table 5 continued....

All sites Pristine Non pristine
Coefficient (S.E.) t P Coefficient (S.E.) t P Coefficient (S.E.) t P
Tonkin (with interaction)
yo 1.36 (0.04) 30.8 <0.0001 1.39 (0.07) 19.07 <0.0001 1.32 (0.04) 34.31 <0.0001
0.005 (0.003) 1.76 0.083 0.01 (0.01) 1.63 0.115 0.01 (0.003) 1.92 0.067
P 0.09 (0.03) 3.43 0.001 0.1 (0.04) 2.72 0.011 0.07 (0.03) 2.31 0.029
2 -0.00006 (0.00002) -2.36 0.022 -0.0001 (0.0001) -2.11 0.045 -0.0001 (0.00002) -2.68 0.013
DxP -0.005 (0.005) -0.84 0.4 -0.03 (0.03) -1.08 0.29 -0.005 (0.005) -1.08 0.29
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Discussion

Diversity of invertebrate communities responded strongly to both productivity and
disturbance in this study. We found evidence to support Death’s (2002) productivity-
disturbance-diversity model in these streams. Our results suggest Huston’s (1979,
1994) DEM is not applicable in these streams. However we also found support for
Tonkin et al.’s (In prep.) modification of the Death model of diversity to include a
guadratic disturbance-diversity relationship. There was little difference in the way in
which productivity and disturbance affected diversity between the pristine and non-
pristine regions. Curiously, not one of the models exhibited a significant interactive
effect of productivity and disturbance.  There was no evidence of competitive
exclusion in these streams with diversity increasing and tapering with increasing
productivity. This is a phenomenon widely found in lotic environments with

productivity setting the upper limit to carrying capacity in streams (Death 2010).

Regional differences

Although the composition and density of the benthic communities differed strongly
between the pristine (Tongariro) and non-pristine (Hawke’s Bay) regions, the effects of
productivity and disturbance on diversity remained similar between the two regions.
However, the productivity-disturbance-diversity relationship was stronger at non-
pristine than pristine sites. Taxonomic richness was not affected by region but there
was a significant three-way effect of productivity, disturbance and region. Changes in
land use from forested to pastoral grazing can have several effects such as changes to
hydrology, sediment, channel morphology, light availability (and the resulting food
base shift) and temperature (Quinn 2000, Allan 2004). Changes in catchment land use
can lead to flow on effects such as severe changes to flood regimes resulting from
urbanisation (Walsh et al. 2005) and increased peak flows during flood events resulting
from deforestation (Rowe et al. 1997). When investigating a one-in-28-year flood,
Collier and Quinn (2003) found flood disturbance can lead to differential effects
between pastoral and forested streams. They found that although richness and

density at the pasture site exhibited a delayed response compared to the forested site,
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community structure at the pasture site alone was destabilised by the flood. They
suggest that the differential response of the two sites was due to the presence of an
underlying press disturbance (land use) at the pasture site, but without replication
they could not confirm whether it was simply individual site differences. In contrast,
communities in the unstable-pristine sites in our study were the least similar rather
than pastoral sites. The large scale of disturbance in the study of Collier and Quinn
(2003) which left few colonists available post-disturbance, makes comparing our
results with those found in their study impractical.

Not only can changes in land use alter the composition of communities within
these landscapes (Harding et al. 1998, Allan 2004, Tscharntke et al. 2005), but local
inter-species interactions are limited by larger scale processes such as the availability
of colonists and dispersal abilities. Thus, although the colonist pool is likely to be
different between the two regions, the response to productivity and disturbance was
similar between the pristine and non-pristine regions. Several studies have suggested
that local diversity-productivity relationships could be heavily influenced by dispersal
and colonisation processes at a regional scale which may in turn generate local
processes such as competition (Tilman 1999a, Loreau et al. 2001, Cardinale et al.
2005). The only exception to this was the differential effects of bed movement on
rarefied richness between the two regions with no link evident at pristine sites. Being
part of a braided river deposit system, substrate in the Hawke’s Bay was less
embedded and loose and thus diversity may have been affected more than the

measured movement indicates.

Model fitting

Although the Death (2002) productivity-disturbance-diversity model explained the
least amount of variation in the data, it was also the most simplistic and thus is
favourable to the more complex DEM. There was only a small difference in predictive
ability between all three models. Moreover, the model without the interaction term
was the only model with all coefficients significant. While our data fit slightly better to
the model of Tonkin et al. (In prep.), the difference in strength of fit was

negligible. The only difference between the models put forward by Death (2002) and
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Tonkin et al. (In prep.) is the relationship between disturbance and diversity: Death’s
model advocates for a linear decline in diversity rather than the quadratic of Tonkin et
al.. If the quadratic relationship between disturbance and diversity was of a unimodal
form in the model of Tonkin et al. (In prep.) we could postulate competitive exclusion
was occurring but this was not the case. Similarly, there was no decline in diversity at
extremely stable sites as would be the case with the DEM. Although the IDH is one of
the most widely researched patterns in ecology (Connell 1978), the unimodal
relationship between disturbance and diversity is rare in nature (Mackey and Currie
2001). Likewise, there has been limited support of this unimodal trend in lotic systems
but Townsend et al. (1997) found diversity peaked at intermediate levels of
disturbance in South Island New Zealand streams. Svensson et al. (2007) found
support for the IDH when testing the DEM but found no change in the effect of the IDH
through multiple levels of productivity. Death and Winterbourn (1995) found that
stream invertebrate diversity declined with disturbance irrespective of productivity
levels.

Like Tonkin et al.’s (In prep.) study on the disturbance-productivity-diversity
relationship, this study is also limited by a low range of sampled productivity, however
there is still a clear linear decline in periphyton biomass with disturbance. Scholes
(2005) mentioned the importance of sampling adequate ranges of productivity and
disturbance in tests of this nature in order to fully evaluate the effects operating.
Death (2002) also found a clear effect of disturbance within a small range of
periphyton biomass. If, however, higher levels of periphyton biomass were present we
might speculate that diversity may have declined at greater levels as has been found in
numerous other cases (Rosenzweig 1995, Waide et al. 1999, Mittelbach et al. 2001).
However, this is dependent on competitive exclusion operating which as previously
discussed is not likely in these streams. Tonkin et al. (In prep.) also found this log-
linear increase but this was only evident at open canopy streams within the Tongariro
National Park suggesting productivity is setting the upper limit to diversity in these
streams.

As hypothesised, we found little evidence to suggest the DEM applies in these

streams. The DEM has received limited support in lotic systems (but see Cardinale et
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al. 2006). The lotic environment presents a highly open system which leads to
community dynamics controlled by immigration and emigration through invertebrate
drift and faunas dominated by highly mobile taxa as opposed to many other habitats
being controlled by population growth through reproduction (Williams and Hynes
1976, Brittain and Eikeland 1988, Mackay 1992). This is where the DEM has limited
applicability in stream communities. The DEM predicts that at high
productivity/resource levels the competitive dominant will monopolise resources
through increased reproduction. However in streams, immigration will be greater than
emigration and thus diversity will simply increase (Death 2002). We found this here
with diversity increasing to a point and then levelling off with increasing productivity.
Essentially high resource levels are lowering the immigration to emigration rate rather
than causing competitive exclusion as would be the case if the DEM were operating.
As discussed by Death (2002), productivity is setting the upper limit for the carrying
capacity of the stream, rather than leading to competitively dominant taxa excluding
other less competitive taxa. For the DEM to be applicable to these streams, extinction
rates would have to outweigh immigration rates during recolonisation (Petraitis et al.
1989).

Disturbance not only acts by direct removal of invertebrates but by the removal
of periphyton, a major component of the food web and potentially the main food base
of stream food webs (Robinson and Minshall 1986, Death 2002, Death and
Zimmermann 2005). In fact, this removal of periphyton may be more important than
the removal of invertebrates themselves as the recolonisation of invertebrates is
dependent on the resources present at a site. We have found that productivity and
disturbance do indeed explain a large portion of the variation in diversity, however,
like Tonkin et al. (In prep.) we did not find any evidence that these two factors are
interacting. These interactive effects of productivity and disturbance have been found
in streams (e.g. Cardinale et al. 2006), however, what we found is that the effects of
productivity and disturbance were additive rather than multiplicative. Perhaps the
lack of interaction is indicative of the fact that models predicting interactive effects of
productivity and disturbance are reliant on disturbance disrupting biotic processes

such as competitive exclusion which we don’t believe are occurring here. Although the
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inclusion of the interaction term between productivity and disturbance in the Death
and Tonkin models revealed interesting changes, they were not significant and only
improved model fit moderately, if at all.

Both the number of taxa and the total number of animals were highly
correlated and followed the same trends of log-linear increase with increasing
periphyton and linear decline with increasing disturbance. This suggests that the
number of taxa collected may simply be a function of the number of animals collected.
We found that when density was accounted for in the assessment of richness, the
relationship between richness and productivity disappears. However, rarefied richness
still declined with increasing disturbance. Previous studies have found rarefied
richness patterns to operate differently to simple richness measures. Death and
Zimmerman (2005) found that rarefied richness declined with increasing disturbance
and Death (2002) found lower rarefied richness at more disturbed streams.
Conversely, McCabe and Gotelli (2000) found higher rarefied species richness at more
disturbed experimental treatments as opposed to the number of species being lower
at these treatments. The lack of response of rarefied richness to productivity suggests
that although resources may be greater at higher productivity sites leading to a higher
density of animals, this does not necessarily mean that the diversity of resources has
increased and opened up new habitat for new taxa. Essentially, more resources will
likely lead to more individuals per species while more taxa are likely to appear when a

greater diversity of resources is present rather than a greater volume of resources.

Conclusions

We have shown that a model predicting a log-linear increase in diversity with
productivity and either a linear or quadratic decline with disturbance to be highly
applicable to predicting diversity (Death 2002, Tonkin et al. In prep.). We found little
evidence to support the DEM (Huston 1979, 1994), and found no evidence in this study
of competitive exclusion as required by the DEM. The number of taxa did not decline
at higher levels of periphyton nor did it at higher stability sites. We found that the
response of diversity to productivity and disturbance was similar between pristine and

non-pristine regions even though community composition differed between the
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regions. The main differences found were the productivity-disturbance-diversity
relationship was stronger at non-pristine sites and communities at unstable sites were
more variable within a pristine as opposed to anthropogenically impacted landscape.
Despite research suggesting disturbance operates on stream communities both
through direct impact on animals and their resource supply, we found their effects on
diversity, although strong, to be additive rather than multiplicative. We suggest both
the Death (2002) model and Tonkin et al. (In prep.) model are applicable to ecological
communities with highly mobile animals irrespective of the landscape they are applied

within.
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Chapter 4: Productivity-diversity and periphyton assemblages

Abstract

There is much debate as to what the form of the productivity-diversity relationship is,
particularly in lotic systems which have received few assessments of this relationship.
One factor that assessments of primary productivity do not account for is the growth
form of algae that drives production. Thus, we set out to (i) examine the productivity-
diversity relationship in 24 streams of Cantabria, Spain, in July 2007 and (ii) determine
whether this relationship was underpinned, and better explained, by specific
responses to the form of the periphyton community. Due to recent evidence in
streams suggesting productivity simply sets the upper limit to richness, rather than to
increase the effect of competitive interactions, we hypothesized that diversity would
be a log-linear function of productivity. We predicted that diversity would respond
opposingly to two coarse measures of the periphytic community; i.e., positively to %
diatom cover and negatively to % filamentous algae cover. There was no relationship
between productivity and diversity in these streams but, as predicted, this relationship
was underpinned by responses to the growth form of periphyton community. Diatom
cover was the best predictor of invertebrate diversity patterns. Generally, diversity
responded positively to % diatom cover and negatively to % filamentous algae cover.
However, results were variable and % EPT exhibited a greater sensitivity to higher
levels of diatom cover. These findings highlight two important implications: firstly,
productivity-diversity relationships in streams can be underpinned by interactions with
specific forms of periphyton. Secondly, rapid assessment of periphytic forms is useful
for managers as these coarse measures are highly relevant to higher trophic levels.
We suggest a threshold of 40 % filamentous algae cover for managers wishing to

minimise deleterious effects of eutrophication on stream communities.

89



Chapter 4: Productivity-diversity and periphyton assemblages

Introduction

Although the relationship between productivity and diversity is a central theme in
ecological research (Currie 1991, Abrams 1995, Waide et al. 1999, Mittelbach et al.
2001), we are far from reaching a consensus on the form of the relationship either
empirically or in theory (Waide et al. 1999, Mittelbach et al. 2001). Unimodal (e.g.
Grime 1973, Huston 1979, Rosenzweig 1992, 1995, Leibold 1999, Waide et al. 1999,
Mittelbach et al. 2001) and linear (e.g. Currie and Paquin 1987, Currie 1991, Abrams
1995, Waide et al. 1999, Gaston 2000, Mittelbach et al. 2001) increases in diversity
with increasing productivity prevail as the most common forms of this relationship.
Differences in the observed patterns may be a result of several factors including the
spatial scale of observation (Currie 1991, Mittelbach et al. 2001, Chase and Leibold
2002), disturbance (Huston 1979, 1994), and history of community assembly (Fukami
and Morin 2003). However, the relationship has also been shown to differ between
ecosystems and organisms studied (Waide et al. 1999, Mittelbach et al. 2001). These
differences suggest individual patterns are driven by underlying ecosystem specific
interactions. Furthermore, the methods used to collate the information on the
productivity-diversity relationship have recently come under heavy criticism due to
inconsistent classification and errors in meta-analyses (Hillebrand and Cardinale 2010,
Whittaker 2010).

While abiotic forces (floods, hurricanes etc.) are considered to dominate biotic
forces (competition, predation) in many systems, plant-herbivore relationships remain
the basis of most ecosystems. As such the control of diversity is likely to be an
interaction between disturbance and the productivity of an ecosystem (Huston 1979,
1994, Kondoh 2001). No system is more heavily influenced by regular disturbance
events than streams (e.g. flooding) (Resh et al. 1988, Lake 2000, Death 2008). Death
(2002) suggests that floods remove taxa and their resources and opens the habitat for
recolonisation whilst primary productivity sets the upper limit to how many animals
can return to these habitats after the disturbance. Recent support has been found for
Death’s hypothesis but these studies found no evidence of interactive effects of

disturbance and productivity (Tonkin and Death In prep., Tonkin et al. In prep.), but
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rather that diversity is a result of the additive effects of disturbance and productivity.
Without the interactive effects of disturbance, making sense of the productivity-
diversity relationship in streams should be clear-cut. However, compared to lentic
systems and in fact most other environments, few studies have investigated whether
higher productivity leads to greater diversity in lotic systems. The few to look
specifically at this have found both unimodal (Death and Zimmermann 2005) and log-
linear (Death 2002, Barquin 2004, Tonkin and Death In prep., Tonkin et al. In prep.)
increases in diversity with productivity.

Assessing the relationship between primary productivity and diversity is
essentially testing the response of higher trophic levels to the rate of energy
production at lower trophic levels. Primary productivity is typically provided in
streams by periphytic algae. Algal forms vary greatly in streams from prostrate and
stalked diatoms through to filamentous green algae (Allan 1995), all of which respond
differently to environmental conditions. It is now common practice to use the
periphyton community as an index for biomonitoring environmental conditions (Kelly
and Whitton 1995, Pan et al. 1996, Kelly 1998b, a, Kelly and Whitton 1998, Hill et al.
2000). Typically the focus of these assessments of biotic integrity have been diatoms
(Kelly and Whitton 1995, Pan et al. 1996, Kelly 1998b), but Whitton and Kelly (1995)
advocated the use of the full community of plants including bryophytes.

Not only do various forms of periphytic algae respond differently to
environmental conditions but they can provide diverse habitat and resources for
higher trophic levels. Different periphyton growth forms can also fulfil different
functional roles in benthic communities (Steinman et al. 1992). When levels of
periphyton reach greater densities and epilithic diatoms are replaced by macroalgae
such as filamentous green algae, interactions between grazers and periphyton can shift
from simple plant-herbivore interactions to more complex relationships. As well as
providing food for a few specialist taxa, macroalgae can both provide and remove
habitat and compete for space with invertebrates. Dudley et al. (1986) classed
invertebrates into those negatively affected by macroalgae due to competition for
space, positively affected due to habitat provision, and positively affected by food

provision. This can be reflected in the typical shift from pollution (nutrient) sensitive
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taxa associated with thin diatom films, to pollution tolerant taxa and filamentous algae
growth forms often associated with nutrient eutrophication (Suren et al. 2003). Of
course, grazing can have a large impact on periphyton in aquatic systems and this top-
down control has been the central focus of periphyton-invertebrate community
relationships to date (Hillebrand 2009). This grazing control can differ between growth
forms of periphyton (Feminella and Hawkins 1995), such as that between diatom and
filamentous forms (Suren and Riis 2010). Lamberti (1989) suggests this differential
response of algae may initially occur where productive capacity of algae is high, but
may be later regulated through the arrival of specialist grazers, or physical disturbance
(Fisher et al. 1982). This indicates that vigilance is needed when inferring top-down or
bottom-up control as it is likely to change through time and may be dependent on
animals present in the system at hand.

Compared to other ecosystems, the productivity-diversity relationship has
received relatively little attention from lotic ecologists. Thus, we set out to (i) test the
response of stream invertebrate diversity to primary productivity; and (ii) because
productivity measurements do not account for variation in the form of producers, we
examine if this productivity-diversity relationship can be better explained by
underlying responses to different forms of periphyton (i.e. diatoms/periphytic mats
and filamentous green algae). We also use a common stream specific metric, % EPT, to
assess whether this metric is more sensitive to environmental gradients in streams
than simple diversity measures. As a result of previous work in streams (Death 2002,
Barquin 2004, Tonkin and Death In prep., Tonkin et al. In prep.), and the fact that
productivity does not appear to increase rates of competitive exclusion in streams as it
often does in lakes, we hypothesise that diversity will increase logarithmically with
increasing productivity.  However, we predict that this relationship will be
underpinned by particular responses to different forms of periphyton. Specifically, due
to the view that diatoms are considered favourable to grazers and filamentous algal
forms poor habitat for many invertebrates (Suren and Riis 2010), diversity will respond

positively to % diatom cover and negatively to % filamentous algae cover.
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Methods

Study sites

Twenty four streams were sampled in the Cantabrian Mountains of Northern Spain
(Fig. 1, Appendix 1). The Cantabrian Mountains span ~483 km east to west along the
northern coast of Spain reaching 2,648 m asl at Torre de Cerredo. Average rainfall
ranges from ~1,200 to 1,600 mm p.a. depending on location within the region. Land-
use surrounding sampling sites varied from Atlantic deciduous forest consisting
predominantly of oak (Quercus spp.) and European beech (Fagus spp.) to pasture and
small urban settlements. Sites were selected from six river catchments: Rio Besaya,
Rio Saja, Rio Pas, Rio Pisueiia, Rio Nansa, and Rio Ebro. Within each catchment sites
were selected a priori so that one low and one high productivity site in close
geographic proximity were sampled. As these were selected prior to sampling,
productivity estimates for the selection of a priori high and low productivity streams
were based on visual estimates of periphyton which are detailed below. All sites were
cobble bottom streams. Altitude of the sites ranged from 163 to 1061 m asl and

average channel width ranged from 1.9 to 30.7 m (Appendix 1).

Physicochemical variables

Depth and water velocity were recorded with a Marsh-McBirney flowmate current
meter at five equidistant points along the thalweg. Conductivity, temperature,
dissolved oxygen concentration and percent saturation, and pH were measured using a
YSI 556 MPS meter. Nitrate, phosphate and ammonia were calculated using a
Beckman Coulter DU® Series 700 UV/Vis Scanning Spectrophotometer. Substrate size
composition was assessed by sampling 100 stones using the Wolman walk
methodology (Wolman 1954). This was converted to a substrate size index following
Jowett and Richardson (1990). Substrate heterogeneity was assessed using the
Shannon diversity index. Bed stability was assessed using the bottom component of
the Pfankuch stability index (Pfankuch 1975). Flow type of each site was assessed
visually as percentage of still, backwater, pool, run or riffle over a 100 m reach. Leaf

litter percentage, riparian vegetation and % canopy cover were also assessed visually.
Y y
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Figure 1: Map showing the location of 24 streams in Cantabria, Spain, sampled in July 2007.
Latitudes and longitudes are given in Appendix 1.

Biological collections

Periphyton and primary productivity

Primary productivity was not measured directly but estimated from periphyton
biomass (Morin et al. 1999). Biomass was measured by extracting chlorophyll a from
five stones (mean area: 60 cm?) collected randomly from each site. These were kept
cool and dark before being frozen. Chlorophyll a and phaeophytin were extracted
using 90 % acetone at 5°C for 24 h in the dark. Absorbances were read on a Beckman
Coulter DU® Series 700 UV/Vis Scanning Spectrophotometer and converted to pigment
concentration following Steinman and Lamberti (1996). Stone surface area was
estimated following Graham et al. (1988) and then halved to correct for the proportion
of the stone available for periphyton growth. The relationship between primary
productivity and chlorophyll a from stones in streams has been found to be strongly

related (Morin et al. 1999, Tonkin and Death In prep.). Morin et al. (1999) reviewed
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this relationship and found chlorophyll a extracted from periphyton and primary
productivity were strongly log linearly related (r* = 0.63). Tonkin et al. (In prep.) also
found a strong linear link between chlorophyll a biomass accumulation on tiles and
chlorophyll a content of stones r* = 0.74). We calculated two other metrics to assess
periphyton communities: percent cover of diatoms and mats, and percent cover of
filamentous algae. These were assessed visually along three transects across the
stream bed using rapid assessment protocols (Biggs and Kilroy 2000). Subsequently,
we grouped all algal forms into two groups: periphytic films and mats and filamentous
forms. For the sake of simplicity, periphytic mats will be called diatoms although it

includes all crustose, prostrate and stalked algae forms.

Macroinvertebrates

Five 0.1 m? 500 um mesh Surber samples were collected at random from riffles at each
site. In the field samples were preserved in 10 % formalin. In the laboratory the
samples were washed through 500 um and 1 mm Endecott sieves before being
identified and enumerated to the lowest possible taxonomic level. Invertebrates were
mostly identified to morphospecies, however, where possible morphospecies were
identified using available keys (e.g. Tachet et al. 2000).

The number of animals per 0.1 m? (density) was calculated for each individual
sample and averaged per site as was the number of taxa (richness). Rarefied richness
(ES[N]) was calculated in Primer v6 (Clarke and Gorley 2006) for 261 individuals which
was the lowest average number of animals at a site. Rarefaction accounts for the
passive increase in the number of taxa collected with increasing number of individuals
collected (Sanders 1968, Hurlbert 1971). This, in effect, standardises sites by
predicting richness per a set number of animals rather than a set area. The final
community metric used was the percent of Ephemeroptera, Plecoptera and

Trichoptera (EPT) animals per sample (Lenat 1988).

Statistical methods
To test whether diversity, periphyton metrics or other physicochemical variables

differed between high and low productivity sites, Analysis of Variance (ANOVA) was
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used in Statistix (Statistix 8 ©, Analytical Software, Tallahassee, FL, U.S.A.). We used a
randomised complete block (RCB) design using productivity groups as the treatment
and catchments as blocks. This method reduces experimental error by dividing into
similar groups (i.e. catchment). Analysis of Similarities (ANOSIM) (Clarke 1993) was
performed on normalised physicochemical data using Euclidean distances to assess
whether site characteristics differed between high and low productivity treatments in
Primer v6 (Clarke and Gorley 2006).

To visualise differences in community structure between the two productivity
treatments and catchments, we carried out a non-metric multi dimensional scaling
(NMDS) ordination on log (x + 1) data using Bray-Curtis similarity and tested for
significance using analysis of similarities (ANOSIM) (Clarke 1993) in Primer v6 (Clarke
and Gorley 2006). Using log (x+1) transformed data, we used the similarity
percentages (SIMPER) (Clarke 1993) procedure in Primer v6 (Clarke and Gorley 2006)
to assess which taxa were contributing most to differences in community structure
between high and low productivity sites. Regression was also used to examine
relationships between primary productivity, percent diatom and filamentous cover and
invertebrate metrics, and some physicochemical variables using Statistix (Statistix 8 ©,
Analytical Software, Tallahassee, FL, U.S.A.). Where required, data were log (x + 1)
transformed to remove heteroscedasticity.

To analyse which variables best predicted invertebrate and periphyton metrics
we used M5 pruned regression trees using Weka 3.6 (Hall et al. 2009). These were re-
run using 5-fold cross validation to test whether the model was applicable outside the
particular sites used. Classification and Regression Tree (CART) analysis was also run to

predict the four measures of periphyton from the remaining physiochemical variables.

Results

Physicochemical characteristics
Conductivity ranged from 68 to 402 uS cm™ (Appendix 1). Conductivity and dissolved
oxygen were the only physicochemical variables to differ between high and low

productivity sites (Table 1). Conductivity was nearly twice as high on average at high
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productivity sites (low mean = 157 pS cm™, high mean = 255 pS cm™) and dissolved
oxygen averaged 9.85 mg I'* at low productivity sites compared to 10.44 mg I at high
productivity sites (Table 1; Appendix 1). The bottom component of the Pfankuch
stability index did not differ between low and high productivity sites (Table 1). There
was no difference in physicochemical data between productivity treatments with
either all variables included (R = 0.16, P = 0.34) or on the remainder of variables with

conductivity and dissolved oxygen removed (R = -0.05, P = 0.85).

Table 1: Randomised complete block analysis of variance (ANOVA) results for differences in
mean physicochemical and biological variables between a priori selected productivity groups in
24 streams of Cantabria, Spain, July 2007. Productivity group is the treatment and catchment
the block. D.O. = dissolved oxygen, O.H. Cover = overhead cover. Degrees of freedom for the
F-test for all variableis 1, 17.

Productivity
Low (S.E.) High (S.E.) F [

Pfankuch bottom 31.92 (2.04) 33.58 (2.88) 0.21 0.65
Altitude 393.17 (86.21) 433.17 (77.49) 0.72 0.41
pH 8.81 (0.06) 8.91 (0.07) 1.49 0.24
Conductivity (us cm™) 156.67 (20.75) 255.25 (24.95) 10.92 0.004
Temperature (°C) 15.62 (0.57) 14.69 (0.52) 1.38 0.26
D.0. (mg ™) 9.85 (0.12) 10.44 (0.19) 7.58 0.01
D.O. (%) 98.93 (0.89) 102.03 (2.11) 1.63 0.22
O.H. Cover (%) 35.42 (8.52) 29 (6.93) 0.31 0.59
Velocity (m s™) 0.4 (0.04) 0.39 (0.04) 0.07 0.79
Depth (cm) 19.7 (1.24) 18.02 (1.54) 1.02 0.33
Width (m) 7.39 (1.08) 8.05 (2.29) 0.18 0.68
Substrate size index 147.04 (6.8) 131.17 (9.85) 1.94 0.18
Substrate heterogeneity 1.97 (0.05) 1.99 (0.03) 0.2 0.66
Slope (m 100m™) 5.08 (0.94) 5.28 (0.83) 0.02 0.89
Nitrate (mg ") 0.69 (0.18) 0.93 (0.14) 2.07 0.17
Phosphate (mg ™) 0.43 (0.08) 0.37 (0.04) 0.32 0.58
Ammonia (mg 1) 0.05 (0.01) 0.07 (0.02) 0.87 0.36
Chlorophyll a (ug cm™) 4.47 (0.84) 7.22 (1.05) 3.91 0.07
Diatom (%) 57.22 (7.71) 39.31 (7.49) 4.97 0.04
Filamentous algae (%) 3.56 (1.48) 445 (8.77) 18.9 0.0004
Total peri. cover (%) 60.78 (8.38) 83.81(6.97) 4.9 0.04
Bryophyte (%) 5.5 (4.96) 1.39 (0.96) 0.55 0.47
No. of taxa 16.15 (0.77) 15.05 (0.91) 1.24 0.28
Log (no. of animals) 2.54 (0.05) 2.76 (0.1) 3.25 0.09
ES(261) 15.37 (0.69) 13.48 (0.88) 3.43 0.08
% EPT animals 0.63 (0.05) 0.5 (0.05) 4.19 0.06
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Periphyton

Primary productivity, assessed as mean chlorophyll a, ranged from 2.58 to 15.35 ug
cm™ (Appendix 1). Mean chlorophyll a was greater at high productivity sites than low
productivity sites but the difference was only significant at the 10 % level (Table 1).
Percent diatom cover was lower and filamentous algae cover was more than ten times
greater at high productivity sites. Chlorophyll a was negatively correlated with percent
diatom cover (r =-0.41, P = 0.045) and positively correlated with filamentous cover (r =
0.63, P = 0.001), and filamentous cover was negatively associated with diatom cover (r
=-0.5, P = 0.013). Chlorophyll a (F;, 2, = 15.64, P = 0.0007, r?=0.416, y = 0.81 + 0.02x)
and percent filamentous algae cover (F;, 22 = 29.05, P <0.0001, = 0.569, y = -26.05 +
0.24x) increased linearly whereas percent diatom cover declined with increasing

conductivity (F1,22=5.99, P=0.02, r’=0.214, y =76.37 - 0.14x; Fig. 2).

Community composition

Ordination and ANOSIM on log (x + 1) transformed invertebrate data indicated
community composition did not differ between high and low productivity treatments
(R =0.05, P = 0.16) or between catchments (R = 0.002, P = 0.47; Fig. 3). Filamentous
algae cover and chlorophyll a were positively correlated with MDS 1 (r = 0.47 and 0.23
respectively) and negatively correlated with MDS 2 (r = -0.19 and -0.28 respectively),
whereas diatom cover was negatively correlated with MDS 1 (r = -0.27) and positively

correlated with MDS 2 (r = 0.52).
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Figure 2: Periphyton metrics as a function of conductivity in 24 streams in Cantabria, Spain,
July 2007. (a) Chlorophyll a, (b) diatom cover, (c) filamentous algae cover.
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Figure 3: Non-metric multidimensional scaling (NMDS) ordination on log (x + 1) transformed
invertebrate community data collected from 24 streams in Cantabria, Spain, July 2007. Open
triangles are a priori selected low productivity sites and closed are high productivity. Names
above symbols represent the six catchments sites belong to (Besaya, Saja, Pas, Pisuefia, Nansa,
and Ebro). Results of ANOSIM testing between groups and axis correlations are given in the
text. 2D stress = 0.19.

Ten taxa contributed 86 % to the difference in invertebrate community
composition (log [x+1] transformed) between high and low productivity treatments
(Table 2). The simuliid Prosimulium spp. and mayfly Baetis spp. each contributed more
than 25 percent to the difference in productivity treatments (Fig. 4; Table 2).
However, both density and percent composition of Prosimulium spp. (Density: F; 2, =
1.36, P = 0.26; Percent: F; 5, = 3.28, P = 0.08) and Baetis spp. (Density: F1 2 = 2.04, P =
0.17; Percent: Fy 2, = 0.22, P = 0.64) were not significantly different between high and
low productivity sites (Fig. 4). Percent Prosimulium spp. was lowest at intermediate
levels of diatom cover (F; 21 = 7.39, P = 0.004, P = 0.41) and exhibited a quadratic
increase with increasing filamentous cover (F3, 21 = 2.94, P = 0.075, r= 0.22). Percent
Baetis spp. peaked at intermediate levels of diatom cover (F,2; = 6.25, P = 0.007, r=
0.37). The amphipod Echinogammarus spp. contributed over 9 percent to the
difference in invertebrate communities between productivity treatments (Fig. 4; Table
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2). However, neither density (F1, 2 = 2.32, P = 0.14) or relative abundance (Fy 2 =
0.76, P = 0.39) were significantly different between productivity treatments.
Moreover, percent Echinogammarus spp. did not respond to either diatom (Fy 2, =

1.49, P = 0.24, r* = 0.06) or filamentous cover (Fy, 5, = 1.98, P = 0.17, r* = 0.08).

Table 2: Differences in community composition between the a priori productivity groups in 24
streams sampled in Cantabria, Spain, July 2007. Table shows Similarity percentages (SIMPER)
showing the ten taxa contributing to the greatest difference between low and high
productivity streams. Av.Abund = average abundance, Av.Diss = average dissimilarity, Diss/SD
= standard deviation of dissimilarity, Contrib% = % contribution, Cum.% = cumulative %
contribution.

Low P High P

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.%
Prosimulium spp. 50.53 699.78 15.32 0.85 28.11 28.11
Baetis spp. 196.53 365.7 14.01 1.58 25.69 53.8
Echinogammarus spp. 20.77 56.87 5.28 0.85 9.69 63.49
Orthocladiinae b 17.8 119.9 3.13 0.92 5.75 69.23
Ephemerella spp. 22 18.43 2.1 0.93 3.86 73.09
Bythinella spp. 12.52 8.45 1.84 0.66 3.38 76.47
Protonemura spp. 19.87 8.92 1.56 1.09 2.86 79.34
Hydropsyche spp. 20.87 5.53 1.51 0.81 2.78 82.11
Orthocladiinae a 1.82 41.2 0.94 0.7 1.72 83.83
Oligochaeta 4.23 21.75 0.93 0.84 1.71 85.54
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Figure 4: (a) Relative abundance and (b) mean abundance of all taxa between a priori selected
high and low productivity sites in 24 streams in Cantabria, Spain, July 2007. (c) Relative
abundance and (b) mean abundance of the three most dominant taxa between a priori
selected high and low productivity sites.

Density and diversity patterns

Rarefied richness and % EPT animals were higher and total number of animals lower at
low productivity sites, although these differences were only significant at the 10 %
level (Table 1). The number of taxa did not differ between high and low productivity
sites. The only aspect of the invertebrate community to respond to chlorophyll a was
the number of individuals which increased monotonically with increasing biomass (Fig.
5; Table 3). Taxonomic richness, rarefied richness and the % EPT animals were not

related to chlorophyll a (Fig. 5; Table 3).
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Figure 5: (a) Mean (+ 1 S.E.) taxonomic richness, (b) number of animals, (c) rarefied richness,
and (d) percent EPT animals as a function of chlorophyll a in 24 streams of Cantabria, Spain,
July 2007.

Density and diversity measures exhibited opposing responses to the two
growth forms of periphyton measured. In general, the response to increasing diatom
cover was mainly positive whereas, with the exception of density, the response to
increasing filamentous cover was negative. Taxonomic richness and rarefied richness
increased log-linearly with increasing substrate cover of diatoms (Fig. 6; Table 3). The
number of individuals was not related to percent diatom cover. The percentage of EPT
animals appeared more sensitive to higher percentages of diatom cover and peaked
strongly at intermediate levels and declined at higher levels of diatom cover.
Taxonomic richness was not related to percent filamentous algae cover, however

density of individuals exhibited quadratic increase with increasing filamentous cover.
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Both rarefied richness and % EPT animals responded negatively to filamentous algae

exhibiting a curvilinear decline with increasing filamentous cover.

Table3: Results for regression analysis for taxonomic richness, number of animals, rarefied
richness, and percent EPT animals against periphyton metrics for 24 streams in Cantabria,
Spain, July 2007. a) Chlorophyll a, b) percent diatom cover, and c) percent filamentous algae
cover. Degrees of freedom for linear and log-linear models are 1, 22 and for quadratic models
are 2, 21. AIC = Akaike’s information criterion for the selection of the best model between log-

linear and quadratic curves. Lowest values represent the best model.

F (AIC) P r Equation
a) Chlorophyll a (ug cm?)
No. of taxa 0.05 0.83 0.002 Non-significant
Log (no. of animals) 5.31 0.03 0.194 y=2.43 +0.037x
ES(261) 0.91 0.35 0.040 Non-significant
% EPT animals 1.14 0.30 0.049 Non-significant
b) Diatom cover (%)
No. of taxa 9.62 (42.8) 0.01 0.304 y=7.55+2.21In(x)
Quadratic 4.91 (43.1) 0.02 0.319 y=10.7 +0.19x - 0.002x°
Log (no. of animals) 0.62 0.44 0.027 Non-significant
ES(261) 12.77 (42.3) 0.002 0.367 y =5.73 +2.37 In(x)
Quadratic 6.38 (42.8) 0.007 0.378 y =9.08 + 0.21x - 0.0016x”
% EPT animals 9.36 0.001 0.471 y=0.15+0.02x - 0.0002x”
c) Filamentous algae cover (%)
No. of taxa 1.59 0.22 0.067 Non-significant
Log (no. of animals) 13.71 0.0002 0.566 y =2.59 - 0.011x + 0.0002x°
ES(261) 4.22 0.03 0.287 y =14.93 + 0.059x - 0.001x
% EPT animals 4.19 0.03 0.285 y =0.58 + 0.006x - 0.0001x”
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Figure 6: (a, b) Mean (+ 1 S.E.) taxonomic richness, (¢, d) number of animals, (e, f) rarefied
richness, and (g, h) percent EPT animals as a function of percent diatom cover (a, c, €, g), and
percent filamentous algae cover (b, d, f, h) in 24 streams of Cantabria, Spain, July 2007.
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Classification and regression trees

Regression tress predicted taxa number well (82 % variation explained in full data set
and 51 % in cross validation, Table 4). Sites were split into four groups at two levels
(Fig. 7; Table 4). As predicted, the type of algae was important in predicting diversity
with the initial split grouping sites either side of 42 % diatom cover. High diatom sites
(17.2 taxa) had greater diversity than low diatom sites (13.7 taxa) (Fy, 22 = 4.3, P =
0.001). The sites with less than 42 % diatom cover (LM1 and LM2) were further split
into stable or unstable groups based on the Pfankuch bottom component score of 25
(Fig. 7; Table 4). The low diatom sites were explained by linear model 1 and 2
consisting of the Pfankuch bottom component, percent diatom, altitude, and substrate
size (Fig. 7; Table 4). The eight unstable sites (LM2) had the lowest taxonomic richness.
The high diatom sites (LM3 and LM4) were further split based on phosphate levels and
were predicted by chlorophyll a, diatom cover and altitude. The high phosphate group
(LM4), which included 7 sites, had 15.9 taxa per site.

The remaining measures of density and diversity related to measured
environmental variables in a more straightforward single linear model. The number of
animals was best predicted by altitude and conductivity (Table 4). Rarefied richness
was predicted by diatom cover (53 % variation explained in full set and 29 % in cross
validation; Table 4). None of the measured variables could predict % EPT animals
(Table 4).

Conductivity was the best predictor of primary productivity and periphyton
cover and was included in the prediction models of all three periphyton metrics (Table
4). Division of sites was not required for the prediction of these metrics. Chlorophyll a
was predicted well by pH, conductivity and velocity (83 % variation explained in full set
and 56 % in cross validation; Table 4). Diatom cover was predicted by conductivity and
temperature (62 % variation explained in full set and 29 % in cross validation; Table 4).
Conductivity predicted filamentous algae cover percentage (75 % variation explained

in full set and 60 % in cross validation; Table 4).
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Table 4: Fit statistics showing the results of M5 pruned classification and regression tree

(CART) analysis predicting invertebrate community metrics and four measures of periphyton in

24 streams in Cantabria, Spain, July 2007. S = number of taxa, LogN = log (number of animals),

ES(261) = rarefied richness for 261 individuals, LM = linear model, RMSE = root mean square

error, RRSE = root relative square error.

(a) Training data 5-fold cross validation
Correlation Correlation
coefficient RMSE RRSE coefficient RMSE RRSE
S 0.815 1.71 60.3 0.51 2.45 85.13
LogN 0.6 0.23 80 0.078 0.34 112.78
ES(261) 0.529 2.37 84.84 0.289 2.85 100.64
% EPT animals 0O 0.17 100 -0.319 0.27 147.75
Chlorophyll a 0.83 1.92 55.85 0.559 2.96 84.78
Diatom 0.615 21.08 78.83 0.294 27.76 99.55
Filamentous 0.754 19.19 65.64 0.602 24.46 81.94
(b) Model Equation
S LM1 S =-0.07(Pfankuch) + 0.03(Diatom) + 0.002 (Alt.) + 4.57(Substrate) + 5.63
LM2 S =-0.06(Pfankuch) + 0.03(Diatom) + 0.0008(Alt.) + 5.42(Substrate) + 3.42
LM3 S =0.17(Chlorophyll a) + 0.03(Diatom) + 0.003(Alt.) + 12.94
LmM4 S =0.17(Chlorophyll @) + 0.03(Diatom) + 0.003(Alt.) + 12.60
LogN LM1 LogN = 0.0004(Alt.) + 0.002(Cond.) + 2.112
Rarefaction LM1 ES261 = 0.06(Diatom) + 11.75
% EPT animals  LM1 % EPT animals = 0.57
Chlorophyll a LM1 Chlorophyll a = 5.82(pH) + 0.02(Cond.) - 11.04(Velocity) - 45.14
Diatom LM1 Diatom =-0.11(Cond.) + 5.98(Temp.) - 20.17
Filamentous LM1 Filamentous = 0.24(Cond.) - 26.05
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Pfankuch Phosphate
<245 ]J—[ -24.5 ]—I '—[ <0.255 ]J—[ 50,255
LM1 LM2 LM3 LM4
16.7+0.29(3) 12.5+0.74(8) 18.8+ 0.6 (6) 15.940.49(7)

Figure 7: M5 pruned regression tree generated for the prediction of the number of taxa in 24
streams of Cantabria, Spain, July 2007. The tree shows the relationship between three
explanatory variables and the levels at which the splits occur. Mean (+ 1 S.E.) number of taxa
per site are given in each terminal node with the number of sites predicted for each node
given in parentheses. Diatom = % diatom cover, Pfankuch = bottom component of the
Pfankuch stability index, Nitrogen = mg L. LM1 — LM4 = linear model 1 - 4. See Table 4a for
fit statistics and 4b for equations for each linear model.

Discussion

There was no relationship between periphyton biomass and invertebrate diversity in
this study. This suggests there was no clear relationship between primary productivity
and invertebrate diversity as primary productivity and benthic periphyton biomass is
strongly linked in streams (Morin et al. 1999, Tonkin and Death In prep.). Meta
analyses have shown that approximately one third of all studies looking at the
productivity-diversity relationship find no significant link between the two, but this can
vary with spatial scale, community type and between plants and animals (Waide et al.
1999, Mittelbach et al. 2001). It appears that this lack of relationship between
productivity and diversity is more common at smaller scales, such as this study, with
links between the two more commonly found at larger spatial scales (Mittelbach et al.
2001). We must interpret this data with caution as there is now considerable debate
about the robustness of the meta-analyses used to collate data addressing this
question (Hillebrand and Cardinale 2010, Whittaker 2010). Recently, several studies in
stream communities have found log-linear increases in diversity with productivity

(Death 2002, Barquin 2004, Tonkin and Death In prep., Tonkin et al. In prep.). This,
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and the belief that increased productivity does not lead to greater rates of competitive
exclusion in streams, led us to predict this log-linear trend would occur in these
Spanish streams; however this was not the case. Lamberti et al. (1989) suggest
changes in herbivore biomass may better represent the production of stream
communities (i.e. primary productivity) than algal biomass due to the strong role of
herbivory suppressing algal biomass in streams, although this does not account for
disturbance.

Although invertebrate communities did not respond clearly to changes in
primary productivity, the form of the periphyton community was important in
determining diversity patterns. There has been extensive research on the effects of
grazers on algal communities, but other than grazer specific responses (e.g. Gresens
and Lowe 1994, Maasri et al. 2008), the reverse effects of algal assemblages on
invertebrate communities has received little direct attention in streams (but see
Dudley et al. 1986, Koksvik and Reinertsen 2008). However, it is clear that the type of
periphyton has strong influences on the structure of stream benthic communities
(Dudley et al. 1986, Koksvik and Reinertsen 2008), and grazing communities can in fact
grow at different rates depending on the form of algae present (Feminella and Resh
1991). In the present study, there were clear opposing influences of the two main
growth forms measured, with general patterns suggesting diatom cover generated a
positive response, and filamentous cover a negative response, of invertebrate
communities. However, invertebrate community composition did not vary strongly
between high and low productivity streams. Differences were mainly due to changes
in the densities of the three dominant taxa: the blackfly larvae Prosimulium spp., the
mayfly Baetis spp. and amphipod Echinogammarus spp.. Barquin and Death (2004)
also found these taxa in high densities in streams of this region.

Percent diatom cover was the best predictor of diversity with both taxonomic
and rarefied richness increasing log-linearly as cover increased. This mirrors the
hypothesis we set of a log-linear curve for the relationship between primary
productivity and diversity that several recent studies have found in benthic
communities (Death 2002, Barquin 2004, Tonkin and Death In prep., Tonkin et al. In

prep.). Diatom forms of algae are the most important food source for a high
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proportion of benthic invertebrates as grazers tend to be able to assimilate diatoms
better than other algal growth forms (Lamberti et al. 1989).

The percent of EPT animals responded negatively at the highest levels of
diatom cover. These taxa are considered sensitive to “pollution”, thus the response
found here may indicate that higher levels of diatom cover are associated with
nutrient enrichment. However, the response of % EPT at high diatom cover is largely
due to one dominant taxon — Baetis spp. — which was one of the most abundant taxa in
all streams. The decline at higher diatom levels may be due to the fact that more
palatable forms of diatoms become shaded out by prostrate forms when growth
becomes more prolific. Baetis often use diatoms as a food source and their prevalence
can vary greatly with types of algae depending on the stage in their lifecycle (Dudley et
al. 1986). Mayflies generally tend to favour grazing diatoms (Jacoby 1987) and due to
the large proportion of grazers, EPT taxa often respond negatively to filamentous algae
(Quinn and Hickey 1990, Suren 2005). Consequently, we expected a strong decline in
% EPT with filamentous cover but it remained relatively high up to three quarters of
bed cover of filamentous algae. Filamentous algae may provide a greater retention of
organic detrital material that in turn would support more shredding taxa. However the
shredder/predator Echinogammarus spp. did not respond to either form of
periphyton. Barquin and Death (2004) found Echinogammarus to be dominant in
spring-fed streams in Cantabria and suggested this may be a consequence of increased
biotic interactions associated with environmental stability (Connell 1978), thus causing
suppression of other invertebrates. We found no evidence to suggest lower diversity
at sites with greater densities of Echinogammarus.

The number of animals increased rapidly with filamentous cover largely as a
result of Prosimulium spp. becoming dominant. The response of Prosimulium to
increased filamentous cover is variable due to their life histories (Towns 1981, Dudley
et al. 1986, Morin and Peters 1988); black flies (Simuliidae) are often associated with
bare substrates but smaller individuals are often found in high densities attached to
filamentous algae (Dudley et al. 1986). Black fly larvae are filter feeders capturing their
food from drifting organic seston and so do not directly browse upon periphyton, but

can be found in high densities in enriched rivers feeding upon drifting algal cells
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(Peterson et al. 1985) as do other filter-feeding invertebrates (Benke and Wallace
1980, Wallace and Merritt 1980).

The number of taxa inhabiting substrates did not change with increasing
filamentous algae cover. However, due to marked increases in Prosimulium spp.,
rarefied richness declined strongly at intermediate levels. When levels of periphyton
reach greater densities and epilithic diatoms are replaced by macroalgae such as
filamentous green algae, more complex relationships tend to develop involving habitat
provision and exclusion as well as direct food interactions (Dudley et al. 1986). Dense
layers of filamentous algae can lead to the displacement of sensitive taxa by those that
can tolerate large diurnal fluctuations in dissolved oxygen. For example, chironomids
are often associated with macroalgae whereas EPT taxa are not (Power 1990, Koksvik
and Reinertsen 2008, Maasri et al. 2008). Although we have coarsely classed growth
forms into two broad categories, benthic invertebrates often have specialist feeding
traits for these two algal forms. Steinman et al. (1992) found the snail Elimia avoided
both gelatinous and unbranched filamentous growth forms and favoured diatoms;
they suggest this may be due to a lack of ability to digest filamentous forms. It has
also been suggested that stream herbivores typically reject filamentous algae when
selecting food sources (Gregory 1983), possibly because they often have high cellulose
content and thick walls (Lamberti and Moore 1984). This selectivity goes beyond the
coarse levels assessed here. For example, Hambrook and Sheath (1987) show that
selective grazing can come within filamentous forms where preferences were shown
for simple unbranched rhodophytes over branched and mucilaginous.

The dense levels of filamentous algae found here is potentially a result of such
selective grazing which can alter plant communities by reducing palatable forms and
leaving non-palatable forms behind (Sousa 1984, Wardle et al. 2001, Brathen et al.
2007). The dominant invertebrate taxa found in this study are not typically associated
with grazing filamentous algae, although as previously stated, simuliids can be found
filter feeding on drifting algal cells but this does not suppress growth. Grazers can
alter periphyton community structure within and between micro and macro algal
forms in lotic systems (Lamberti and Resh 1983, McAuliffe 1984, Dudley et al. 1986,

Feminella and Resh 1991), and the suppression of palatable forms can lead to
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communities consisting of resistant prostrate blue-green algae (Hart 1985, Power et al.
1988). In fact, selectivity is often so strong that grazing insects may remove, without
ingesting, unfavourable forms in order to allow favourable forms to remain for grazing

(Hart 1985).

Management implications
Many relationships in nature are nonlinear (Dodds et al. 2010), thus we must consider
this when interpreting results such as those found here. Nonlinearity has recently
been recognised for the setting of ecological thresholds of anthropogenic impact
(Hilderbrand et al. 2010) and assessing recovery from stressors (Clements et al. 2010)
in lotic systems. Odum et al. (1979) introduced the concept of a subsidy-stress effect
to demonstrate the response of biotic communities to environmental perturbations
such as increased nutrients. In some cases an ecosystem may initially respond
positively to a perturbation, such as increased nutrients, before becoming stressed at
greater levels. Although shifts in the form of periphyton cover is not an environmental
perturbation per se, if we consider this within a subsidy-stress framework (i.e. the
environmental gradient as the percent cover of periphyton forms and the biological
response as invertebrate community metrics), increased diatom cover generally
appears to be a subsidy and increased filamentous cover a stressor. This subsidy-stress
effect is common in natural systems (Odum et al. 1979, Megonigal et al. 1997, King and
Richardson 2007) and can occur in lotic systems as a result of land-use change altering
levels of nutrients, available light and sediment (Quinn 2000, Niyogi et al. 2007). It is
likely that the real perturbation leading to these subsidy-stress effects in these streams
is increasing nutrient levels. Long term increases in nutrients can lead to the
proliferations of filamentous algae similar to those found here. Therefore, growth
forms of periphyton are most likely reflecting long-term nutrient levels and leading to
individual subsidy and stress effects on diversity.

The need for thresholds in the management of lotic systems (Clements et al.
2010, Dodds et al. 2010, Hilderbrand et al. 2010), leads us to suggest filamentous algal
cover would be a useful threshold indicator. Approximately 40 % filamentous cover

led to a decline in diversity (richness and rarefied richness) whereas EPT taxa remained
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relatively constant up to approximately 75 % cover. Welch et al. (1988) found levels
greater than 20 % filamentous algae cover were considered nuisance levels.

The fact that diversity responded more strongly to the form of periphyton than
chlorophyll a implies this could be a more useful tool for managers interested in
preserving biodiversity.  Typically, biomonitoring involves assessing periphyton
biomass using either chlorophyll a and/or ash-free dry weight (AFDW). Although they
are often highly correlated, they do not always respond in the same way to
environmental conditions (Biggs and Hickey 1994, Feminella and Hawkins 1995, Jowett
and Biggs 1997), and they can have very different chlorophyll a:carbon ratios (Biggs
2000). Rather than simply measuring chlorophyll a or AFDW of periphyton
communities, it may be more appropriate to assess the relative abundance of the
different growth forms of periphyton. Many have used components of the periphyton
community as an index for biomonitoring environmental conditions (Kelly and Whitton
1995, Pan et al. 1996, Kelly 1998b, a, Kelly and Whitton 1998, Hill et al. 2000), however
most of these use diatoms exclusively and require large investments in time and
money to complete. We have found that periphyton community composition does not
need to be measured to a low taxonomic level, and rapid assessment protocols have
been developed for this assessment (Biggs and Kilroy 2000). Often the distinction
between communities with shifts in relative abundance of filamentous algae and
diatoms is obvious. Suren et al. (2003) found invertebrate communities changed from
insect to non-insect dominated with shifts in the periphyton community from diatom

to filamentous algae dominated.

Conclusions

Our research found no relationship between a commonly used surrogate of
productivity (chlorophyll a) and diversity in these streams. This is a common finding
when exploring productivity-diversity relationships at smaller spatial scales (Waide et
al. 1999, Mittelbach et al. 2001). As hypothesized, this relationship was underpinned
by contrasting responses of invertebrate communities to the form of the periphyton
community. General patterns suggest that diversity responds positively to increasing

diatom cover, however sensitive EPT taxa decline at intermediate levels. Conversely,
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invertebrate communities responded negatively to increasing filamentous algae cover.
This underlying response to the form of periphyton community provides some
explanation for the lack of a clear relationship between productivity and diversity in
lotic systems. Additionally, our findings have important management implications
which demonstrate that the rapid assessment of periphyton growth form can be highly
relevant to higher trophic levels. We suggest a threshold of 40 % filamentous cover
could be set for managers wishing to minimise deleterious effects of eutrophication on

associated invertebrate communities.
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Appendix 1: Mean physicochemical variables and site characteristics recorded at 24 streams in the Cantabrian Mountains, Spain, in July 2007. Alt. =
altitude, Pfank. Bottom = the bottom component of the Pfankuch stability index, Cond. = conductivity, Temp. = temperature.

Width Depth  Velocity Substrate Pfank. Cond. Temp.
Site Name Catchment Longitude Latitude Alt. (m) (cm) (m/s) size index bottom pH (ns/cm) (°C)
1 Rio Besaya @ Helguera Besaya -4.03276 43.158628 214 10.34 27 0.49 123.07 23 9.3 371 15.49
2 Rio Eracia @ Helguera Besaya -4.030378 43.159622 222 7.60 23 0.36 141.54 29 9.03 166 15.91
3 Rio Bisuena @ Barcena Pie de Concha  Besaya -4.06826 43.121292 309 4.31 26 0.56 131.88 39 8.7 269 14.7
4 Torina @ Barcena Pie de Concha Besaya -4.054722 43.126793 299 7.30 22.8 0.20 142.69 27 9.19 124 14.96
5 Santiurde @ Santiurde Besaya -4.078611 43.063231 634 4.45 15.2 0.48 127.15 44 8.99 221 12.73
6 Rumadero @ Pesquera Besaya -4.074784 43.083177 574 2.10 12.6 0.19 132.02 41 8.84 329 13.77
7 Rio Leon @ San Martin de Quevedo Besaya -4.038779 43.139996 264 5.13 18 0.35 142.14 43 8.76 193 16
8 Ayo Valdeiguna @ Pedredo Besaya -4.067773 43.192911 185 6.13 16.4 0.23 152.16 26 8.65 205 16.55
9 Rio Argoza @ Barcena Mayor Saja -4.232753 43.156963 422 17.50 30.2 0.63 178.53 27 9.02 127 15.2
10 Rio Saja @ Renedo Saja -4.30455 43.194076 293 30.70 23.4 0.56 145.22 42 8.97 130 17.79
11 Rio de la Magdalena @ San Andres Pas -3.897027 43.096378 412 9.63 23.2 0.31 166.81 30 9.04 194 12.77
12 Ayo Salcera @ San Miguel de Luena Pas -3.899921 43.112736 347 2.67 13.4 0.46 158.08 19 8.85 216 12.94
13 Rio Viafia @ Viafia Pas -3.804674 43.155633 326 6.97 19.4 0.47 139.45 24 8.66 81 18.63
14 Rio Pas @ Pandillo Pas -3.759107 43.164859 366 9.50 20.6 0.54 192.32 30 8.77 130 18.36
15 Llerana @ Coterillo Pisuena -3.794589 43.263832 207 5.37 18.4 0.38 137.48 32 8.44 256 15.38
16 Rio Pisuena @ Barcena de Carriedo Pisuena -3.823485 43.241998 181 7.33 17.2 0.39 102.32 45 8.48 283 16.82
17 Nansa @ Puentenansa Nansa -4.406832 43.257111 168 9.47 20.8 0.36 121.21 41 8.75 303 15.41
18 Ayo de Hoyamala @ Puentenansa Nansa -4.406179 43.257101 163 6.15 16.8 0.33 110.22 33 8.59 280 14.02
19 Lamason @ Quintanilla Nansa -4.476253 43.25448 238 6.40 17 0.35 112.50 44 8.78 144 16.42
20 Ayo de Traveseras @ Quitanilla Nansa -4.30588 43.256427 239 4.00 13.6 0.22 196.25 24 8.76 247 15.13
21 Palomba @ Paracuelles Ebro -4.211634 43.019856 895 1.93 14.4 0.24 61.12 20 9.24 402 12.99
22 Rio Hijar @ Espanilla Ebro -4.226527 43.019571 937 13.00 13.4 0.45 119.91 43 9.15 121 17.17
23 Rio Rucebos @ Soto Ebro -4.222249 43.035916 960 5.00 14.6 0.52 131.04 34 9.06 68 13.01
24 Rio Guares @ Abiado Ebro -4.289066 43.016011 1061 2.27 15.2 0.47 173.46 26 8.63 83 11.55
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Abstract

More productive environments typically have more species, although the specific form
of this relationship is unclear and varies with spatial scale. This relationship has
received little direct attention in lotic systems and thus there is no clear understanding
of the form of the trend. To examine this relationship in lotic systems and whether a
universal trend exists, we examined and compared 24 streams of Cantabria, Spain and
24 of the central North Island, New Zealand between February and July 2007. Based
on the notion that productivity dictates the upper limit to richness in streams rather
than to increase the effect of competitive interactions, we predicted a log-linear
relationship in both regions. Productivity, assessed as chlorophyll a, was
approximately three times higher in Spanish streams but taxonomic richness of
invertebrates did not differ between the two regions. Taxonomic richness (and
Shannon diversity) only responded to productivity in the New Zealand streams,
exhibiting the predicted log-linear increase. In fact, the only metric to respond to
productivity in the Spanish streams was the number of animals which increased
monotonically. However, this relationship was assessed at different scales of
productivity between the two regions. When fit to the same axis, richness in the
Spanish streams was simply a continuation of the log-linear curve fit to the New
Zealand streams. With the large range of productivity assessed and no evidence of a
decline in diversity with higher productivity, it appears that the view of productivity
setting maximum richness, rather than leading to stronger competitive interactions,

may be global phenomenon in streams.
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Introduction

Predicting diversity remains a fundamental challenge in community ecology (e.g.
Huston 1994, Hubbell 2001, Ricklefs 2004). Global patterns suggest diversity is a
function of a few broad-scale factors such as latitude, precipitation, temperature,
altitude and land mass (Gaston 2000). Of the multitude of factors that can influence
diversity (Palmer 1994, Vinson and Hawkins 1998), disturbance (Connell 1978,
Wootton 1998, Lake 2000) and productivity (Currie 1991, Waide et al. 1999,
Mittelbach et al. 2001) prevail, although universal patterns remain elusive (Waide et al.
1999, Mackey and Currie 2001, Mittelbach et al. 2001). What is likely is disturbance
and productivity interact to affect diversity but the nature of this interaction remains
unclear (Sousa 1984, Pickett and White 1985, Currie 1991, Wootton 1998, Waide et al.
1999, Mittelbach et al. 2001, Death and Zimmermann 2005, Cardinale et al. 2006).

Few systems are more heavily influenced by disturbance than streams (Resh et
al. 1988, Lake 2000, Death 2008), but the response of diversity to disturbance is likely
to be dependent on productivity (Death 2002, Cardinale et al. 2005, Death and
Zimmermann 2005, Cardinale et al. 2006). Several empirical studies have found an
interaction between productivity and disturbance to be important in controlling
diversity (e.g. Wilson and Tilman 2002, Kneitel and Chase 2004, Death and
Zimmermann 2005, Scholes et al. 2005). However, due to the highly mobile nature of
stream invertebrates, successful applications of common models such as the
Intermediate Disturbance Hypothesis (IDH) (Grime 1973b, Connell 1978, Sousa 1979)
and the Dynamic Equilibrium Model (DEM) (Huston 1979, 1994, Kondoh 2001) are rare
(but see Townsend et al. 1997). What makes streams especially unique is the strong
association between disturbance and productivity (Lake 2000, Death 2002, Tonkin and
Death In prep.-a, Tonkin et al. In prep.-b). Furthermore, there is little evidence in
streams of a competition-colonisation trade-off (Reice 1985, Death and Winterbourn
1995). Death (2002) proposed a model suggesting disturbance simply resets the
colonization process and productivity, rather than competitive interactions, sets the
upper limit to richness in streams. However, whether a great enough range of

productivity was sampled to elucidate the full pattern is unclear as this was only
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assessed in New Zealand forest streams. In order to understand this interaction
between productivity and disturbance in depth, clarification of the productivity-
diversity relationship in streams is required.

The two most common forms of the productivity-diversity relationship in all
systems are unimodal (e.g. Grime 1973a, Huston 1979, Rosenzweig 1992, 1995,
Leibold 1999, Waide et al. 1999, Mittelbach et al. 2001) and linear (e.g. Currie and
Paquin 1987, Currie 1991, Abrams 1995, Waide et al. 1999, Gaston 2000, Mittelbach et
al. 2001) increases in diversity with increasing productivity. One of the major
influences on the form of this relationship is the spatial scale of investigation (Currie
1991, Chase and Leibold 2002, Tonkin and Death In Prep.-b) and the type of ecosystem
and/or organisms considered (Waide et al. 1999, Mittelbach et al. 2001). Smaller scale
studies commonly find unimodal relationships between productivity and diversity but
at greater spatial scales, this pattern often exhibits monotonic increases in diversity
with productivity (Waide et al. 1999, Mittelbach et al. 2001, Chase and Leibold 2002).
There are many mechanisms postulated to lead to this unimodal relationship
(Rosenzweig and Abramsky 1993, Abrams 1995, Waide et al. 1999), but these often
require some form of competitive trade-off. However, little effort has been placed on
elucidating this relationship in lotic systems. The few to look specifically have found
both unimodal (Death and Zimmermann 2005, Cardinale et al. 2006) and log-linear
(Death 2002, Barquin 2004, Tonkin and Death In prep.-a, Tonkin et al. In prep.-b)
increases in diversity with increasing productivity.

Not only are the effects of productivity dependent on scale, but regional effects
such as the potential pool of colonizers can completely alter the response to
environmental factors. Two studies by Barquin and Death (2004, 2006) found
contrasting responses of invertebrates to environmental stability between Spanish and
New Zealand streams. Thus we set out to (i) examine whether the response of stream
invertebrate diversity to productivity differs between these two regions at similar
distances from the equator in the Northern and Southern Hemispheres; and (ii)
whether a universal relationship exists for the productivity-diversity relationship by
combining both regions and re-examining the nature of the link. We hypothesise that

diversity will be higher in the Spanish streams as they occur within a large continent
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with a greater potential pool of colonists. However, we expect that the response of
diversity to productivity will be similar between the two regions despite the different
taxonomic composition. That is, we hypothesise that diversity will increase with
increasing productivity up to a point before tapering off. We also assess whether the
percent of Ephemeroptera, Plecoptera and Trichoptera (% EPT) respond differently
than typical diversity measures as these taxa are sensitive to ‘pollution’, and associated
algal proliferations, in lotic systems. Finally, due to the strong link between
productivity and disturbance in streams, we explore the relationship between stability
and diversity in these streams and expect that this may explain any lack of pattern with
productivity. By combining and comparing two regions at opposing sides of the planet
we can potentially provide some clarity to global patterns in the productivity-diversity

relationship of lotic systems.

Methods

Study sites

Twenty four streams were sampled in each of the Cantabrian Mountains of Northern
Spain and Tongariro National Park in the central North Island of New Zealand between
February and July 2007 (Appendix 1). The Cantabrian Mountains span approx. 483 km
east to west along the northern coast of Spain reaching 2,648 m asl at Torre de
Cerredo. Average rainfall ranges from approx. 1,200 to 1,600 mm p.a. depending on
location within the region. Land-use surrounding sampling sites varied from Atlantic
deciduous forest consisting predominantly of oak (Quercus spp.) and European beech
(Fagus spp.) to pasture and small urban settlements. Sites were selected from six river
catchments: Rio Besaya, Rio Saja, Rio Pas, Rio Pisuefia, Rio Nansa, and Rio Ebro. Except
for Rio Ebro, which drains into the Mediterranean Sea, all rivers flow into the Atlantic.
Altitude ranged from 163 to 1061 m asl and average channel width ranged from 1.9 to
30.7 m.

The Tongariro National Park is dominated by the central volcanic massif of Mt

Ruapehu (2,797 m asl), Mt Ngauruhoe (2,287 m asl) and Mt Tongariro (1,967 m asl)
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and the Tihia-kakaramea volcanic massif to the north. The Kaimanawa Ranges rise to
~1,799 m asl to the east of the Tongariro National Park Vegetation within and around
the park varies from broadleaf-podocarp, mixed beech-podocarp, exotic Pinus radiata
plantation, native tussock and scrubland, to bare ground in the eastern rain-shadow of
the three central volcanoes. The north and west has an average rainfall of 1,800-3,500
mm yr with the south and east only receiving around 1,100 mm yr™* due to the rain-
shadow cast by the three mountains from the prevailing westerly winds. Sites ranged
from 518 to 1158 m asl and average width of stream channels ranged from 1.4 to 30

m.

Sampling protocol

Macroinvertebrates

Macroinvertebrates were sampled by taking five 0.1 m* Surber samples (250 pm mesh
in New Zealand samples and 500 um in Spanish samples) from random locations in
riffles throughout ~50 m reaches at each site. Samples were stored in 10 % formalin
and later sieved to 500 um and identified in the laboratory to the lowest possible
taxonomic level. New Zealand samples were identified using available keys (e.g.
Towns and Peters 1996, Winterbourn et al. 2000) and Spanish samples were mostly
identified to morphospecies, however, where possible these were identified using
available keys (e.g. Tachet et al. 2000). Four simple measures of diversity were used in
this study: number of individuals, number of taxa (richness), Shannon diversity index
(H’), and the percent of Ephemeroptera, Plecoptera, Trichoptera (% EPT animals)

(Lenat 1988).

Periphyton

Productivity was not directly measured but was estimated from measures of
chlorophyll a from stream substrata. Chlorophyll a and primary productivity in
streams are highly correlated (Morin et al. 1999). Tonkin and Death (In prep.-a) found
a strong linear link between chlorophyll a biomass accumulation on tiles and

chlorophyll a content of stones (r* = 0.74).
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Five stones (a axis < 60 mm) were randomly collected from each riffle for later
extraction of chlorophyll a. From here stones and tiles were kept cool and dark on ice
before being stored at -20°C. Photosynthetic pigments were extracted from stones by
submerging each stone in known volumes of 90 % acetone for 24 hours at 5°C.
Absorbances at 750, 665 and 664 nm were read on a Varian Cary 50 conc UV-Visible
Spectrophotometer (Varian Australia Pty Ltd, Mulgrave, Australia) for New Zealand
samples and on a Beckman Coulter DU® Series 700 UV/Vis Scanning
Spectrophotometer (Beckman Coulter Inc., Brea, CA, USA) for Spanish samples and
converted to chlorophyll a and phaeophytin pigment concentration using Steinman
and Lamberti (1996). These were then corrected for stone surface area and halved to

account for just the active growing area of the stone using Graham et al. (1988).

Other environmental measures
Substrate size composition was assessed using the ‘Wolman Walk’ method where the
B axis of 100 stones was measured at approximately 1 m intervals across a zigzag
transect at 45° to the stream bank (Wolman 1954). Percentage substrate composition
of Wentworth scale classes was converted to a single substrate size index by summing
midpoint values of size classes weighted by their proportion. Bedrock was assigned a
nominal size of 400 mm for use in the calculations (Quinn and Hickey
1990). Conductivity, temperature and pH were measured using Eutech instruments
ECScan pocket meter at New Zealand sites and a YSI 556 MPS meter at Spanish
sites. Depth and velocity were recorded with a Marsh-McBirney flowmate current
meter in the thalweg of each stream at five points at equidistant intervals along the
study reach. Flow type of each site was assessed visually as percentage of still,
backwater, pool, run or riffle over a 100 m reach. Leaf litter percentage, riparian
vegetation and percent canopy cover were also assessed visually.

Bed stability/substrate disturbance was assessed using the Pfankuch stability
index (Pfankuch 1975). Only the bottom component of the index (rock angularity,
brightness, packing, percent stable materials, scouring, and amount of clinging

vegetation) was used, which assesses the substrate component of the stream only, as
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this is more relevant to stream invertebrate communities (Winterbourn and Collier

1987, Death and Winterbourn 1994).

Statistical analysis

Principal Component Analysis (PCA) was carried out on normalised environmental data
to determine whether physicochemical and habitat variable differed between New
Zealand and Spanish streams using Primer v6 (Clarke and Gorley 2006). Differences in
principal components between regions were tested for using one-way Analysis of
Variance (ANOVA) in Statistix (Statistix 8 ©, Analytical Software, Tallahassee, FL,
U.S.A.). Further assessment of whether site characteristics differed between regions
was assessed using Analysis of Similarities (ANOSIM) (Clarke 1993) on normalised
physicochemical data using Euclidean distances in Primer v6 (Clarke and Gorley 2006).
One-way ANOVA was performed on individual physicochemical and biological data to
determine whether there were differences in these metrics between Spanish and New
Zealand streams using Statistix (Statistix 8 ©, Analytical Software, Tallahassee, FL,
US.A.).

Where required, data were log (x + 1) transformed in order to normalise the
data. In order to test whether diversity was a log-linear function of productivity as
hypothesised, regression analysis was carried out to explore relationships between
diversity and chlorophyll a within each region as well as combining both regions and
testing for a universal relationship using Statistix. Finally, to explore whether stability
was important at determining diversity patterns in these streams regression was
performed between the Pfankuch index and invertebrate metrics using Statistix, and a
second term was added if it yielded a better fit. Akaike’s Information Criterion (Akaike
1974) was used to determine the best fitting curve to the data. This method takes into
account goodness of fit statistics and the number of parameters involved in the fitting

of the model to select the model most preferred.
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Results

Physicochemical variables

Stream habitat and physicochemical conditions were different between New Zealand
and Spanish streams (Fig. 1; Table 1). Principle component (PC) 1 (35.6 % variation
explained) strongly split New Zealand and Spanish sites based on physicochemical
data, but there was no difference between regions on PC2 (16.4 % variation explained)
(Fig. 1; Table 1). ANOSIM confirmed there were strong differences in physicochemical
variables between the two regions (R = 0.53, P = 0.001). Conductivity ranged from 44
to 298 uS cm™ in New Zealand and 68 to 402 uS cm™tin Spanish streams and was on
average one third higher in the Spanish streams (Table 1). New Zealand streams were
more acidic, wider, deeper, and had twice the velocity (Fig. 1; Table 1). There was little
or no difference in slope, substrate size index or substrate heterogeneity between the
two regions. Bed stability, assessed as the bottom component of the Pfankuch index,

did not differ between New Zealand and Spain (Table 1).

Productivity

Mean chlorophyll a ranged from 2.58 to 15.35 pg cm™in the Spanish streams and
averaged 5.84 pug cm™. Chlorophyll @ was on average three times lower in the New
Zealand streams ranging from 0.03 to 5.02 pg cm™ and averaging 1.88 pg cm™(Table
1). Chlorophyll a declined with decreasing bed stability at the New Zealand sites (r* =
0.17, F 1,2, = 4.46, P = 0.046, y = 4.04 - 0.06x), however there was no relationship
between stability and chlorophyll a at Spanish sites (r* = 0.06, F 1,22 = 1.36, P=0.26).
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Figure 1: Principal component analysis for environmental variables in 24 streams from each of
the central North Island of New Zealand and Cantabrian Mountains, northern Spain, sampled
between February and July 2007. PC1 explained 35.6 % and PC2 explained 16.4 % of the
variation in the data (Vectors indicate direction of increase in environmental variables). NZ =
New Zealand, SP = Spain, S| = substrate size index, Subhet = Shannon substrate heterogeneity,
Temp = temperature, Cond = conductivity.
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Table 1: Mean (+ 1 S.E.) physicochemical, periphyton and invertebrate community metrics
collected from 24 streams in each of the central North Island of New Zealand and Cantabrian
Mountains, northern Spain, between February and July 2007. F and P values indicate results of
one-way ANOVA testing for differences between the two regions. NZ = New Zealand. PC =

principle component.

Site NZ Spain Fi, 46 P
Width (m) 12.9 (1.95) 7.72 (1.24) 5.04 0.03
Depth (cm) 31.05 (1.85) 18.86 (0.98) 33.86 0
Velocity (m s'l) 0.89 (0.04) 0.4 (0.03) 98.48 <0.0001
Conductivity (us cm™) 131.58 (14.15) 205.96 (18.91) 9.92 0.003
Temperature (°C) 10.71 (0.45) 15.15 (0.39) 55.98 <0.0001
pH 7.88 (0.12) 8.86 (0.05) 57.09 <0.0001
Substrate size index 152.59 (9.02) 139.11 (6.08) 1.53 0.222
Substrate heterogeneity 1.9 (0.03) 1.98 (0.03) 3.32 0.075
Slope (m 100 m™) 3.77 (0.35) 5.18 (0.61) 4.02 0.051
Pfankuch bottom 36.88 (2.12) 32.75(1.74) 2.27 0.139
PC1 1.6 (1.19) -1.6 (0.72) 127.57 <0.0001
PC2 0.19 (1.41) -0.19 (1.13) 1.1 0.3
Chlorophyll a (pg cm?) 1.88(0.3) 5.84 (0.72) 26.01 <0.0001
No. of taxa 14.78 (1.02) 15.6 (0.59) 0.48 0.491
No. of animals 327.5 (59.52) 928.23 (406.66)  2.14 0.151
Shannon diversity (H') 1.77 (0.09) 1.63 (0.07) 1.65 0.205
% EPT animals 0.54 (0.06) 0.57 (0.04) 0.24 0.627

Community metrics

We found 76 taxa in Spanish and 82 taxa in New Zealand streams. The mean number
of individuals was higher in Spanish than New Zealand streams but due to the high
degree of variation this difference was not significant (Table 1). Moreover, the mean
number of taxa, Shannon diversity index and the % EPT animals did not differ between
New Zealand and Spanish streams (Table 1).

Density, richness and the Shannon index increased log-linearly with increasing
levels of chlorophyll a in the New Zealand streams (Table 2, Fig. 2). The % EPT animals
was not related to chlorophyll a in either New Zealand or Spanish streams (Table 2, Fig.
2). The number of animals increased linearly with increasing chlorophyll a in the
Spanish streams but richness and the Shannon index were not related to chlorophyll a

in these streams (Table 2, Fig. 2).
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Figure 2: Mean (£ 1 S.E.) (a, b) number of animals, (c, d) number of taxa, (e, f) Shannon
diversity, and (g, h) proportion of EPT animals as a function of chlorophyll a in 24 (3, c, e, g)
central North Island, New Zealand and (b, d, f, h) Cantabrian Mountains, northern Spain
streams, collected between February and July 2007. Results of regression analysis are

presented in Table 2.
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Table 2: Results of individual regression analysis of invertebrate community metrics as a function of (a) chlorophyll a and (b) the Pfankuch bottom
component collected from 24 streams in each of the central North Island of New Zealand and Cantabrian Mountains, northern Spain, between February and
July 2007. Degrees of freedom = 1, 22 for linear and log-linear and 2, 21 for quadratic regressions. AIC = Akaike’s information criterion where lower
numbers represent a better model.

New Zealand Spain
F (AIC) P r Equation F P r Equation
(a) Chlorophyll a (pg cm?)
Log.g number of animals 36.07 <0.0001 0.62 y=2.24 +0.31:In(x) 5.31 0.031 0.19 y=2.43 + 0.04x
Number of taxa 22.93 <0.0001 0.51 y=14.41 + 2.79:In(x) 0.05 0.83 0.002 Non-significant
Shannon index 9.87 0.005 0.31 y =1.75+ 0.18:In(x) 0.04 0.83 0.002 Non-significant
% EPT animals 4.15 0.054 0.16 Non-significant 1.14 0.3 0.05 Non-significant
(b) Pfankuch index
Logig number of animals 12.92 (68.7)  0.002 0.37 y=3.38-0.03x 0.68 0.42 0.03 Non-significant
quadratic 9.43 (58.6) 0.001 0.47 y =1.64 +0.07x - 0.001x"
Number of taxa 4.76 (-31.9) 0.04 0.18 y=22.24-0.2x 0.19 0.66 0.01 Non-significant
quadratic 13.42 (-32.6) 0.0002 0.56 y =-10.59 + 1.76x - 0.03x”
Shannon index 1.7 (-32.2) 0.21 0.07 Non-significant 0.78 0.39 0.03 Non-significant
quadratic 7.82(-39.2)  0.003 0.43 y =-0.48 + 0.15x - 0.002x"

% EPT animals 1.88 0.18 0.08 Non-significant 0.17 0.69 0.01 Non-significant
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Fitting the New Zealand and Spanish invertebrate community metrics together
against chlorophyll a showed that the New Zealand streams fit along the lower end of
the chlorophyll a gradient and the Spanish streams were at the higher end (Table 3,
Fig. 3). Both the number of animals and the number of taxa fit similar log-linear curves
to those for the New Zealand data (Table 3, Fig. 3). The Spanish data simply placed
further to the right along the curve at higher levels of chlorophyll a (Table 3, Fig. 3).
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Figure 3: Mean (a) number of animals, (b) number of taxa, (c) Shannon diversity, and (d)
proportion of EPT animals as a function of chlorophyll a in 48 central North Island, New
Zealand and Cantabrian Mountains, northern Spain streams, collected between February and
July 2007. Black symbols are New Zealand streams and white symbols are Spanish streams.
Results of regression analysis are presented in Table 3.

137



Chapter 5: Global productivity-diversity relationships

Table 3: Results of combined regression analysis of invertebrate community metrics as a
function of chlorophyll a collected from 48 streams in the central North Island of New Zealand
and Cantabrian Mountains, northern Spain, between February and July 2007.

Fi 46 P r Equation
Log1g number of animals 37.08 <0.0001 0.446 y=1.27 +0.11:In(x)
Number of taxa 69.88 <0.0001 0.603 y=2.77 +0.41:In(x)
Shannon index 1.36 0.25 0.029 Non-significant
% EPT animals 0.02 0.89 0.0004 Non-significant

None of the four invertebrate community metrics were related to bed stability
in the Spanish sites (Table 2). The number of animals declined at an increasing rate
with stability in the New Zealand streams, and taxonomic richness and the Shannon
diversity index peaked at intermediate levels of stability in the New Zealand streams
(Table 2). A second term vyielded a better fit to the data for these metrics in these
streams. There was no relationship between stability and % EPT animals in the New

Zealand streams (Table 2).

Discussion

While the productivity-diversity relationship is a central theme in many aspects of
ecology (Abrams 1995, Waide et al. 1999, Mittelbach et al. 2001), until recently little
emphasis has been placed on assessing this relationship in lotic systems. Nonetheless,
several recent studies have shown a strong link between the two (Death 2002, Barquin
2004, Death and Zimmermann 2005, Cardinale et al. 2006, Tonkin and Death In prep.-
a, Tonkin and Death In Prep.-b, Tonkin et al. In Prep.-a). The prevailing theme in these
studies is that the productivity-diversity relationship is log-linear at local scales (but see
Death and Zimmermann 2005, Cardinale et al. 2006). That is, productivity appears to
set the upper limit to richness in streams (Death 2002). We hypothesized that both
regions in this study would follow the same log-linear increase in diversity with
productivity. At first glance, New Zealand streams were much more closely linked with
productivity and exhibited the same log-linear relationship mentioned above. In
contrast, no diversity measure appeared to be related to productivity in the Spanish
streams. In fact, the only community metric linked with productivity in the Spanish
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streams was the number of animals which increased linearly with productivity.
However, differentiation of relationship between the two regions stream communities
may simply be a result of sampling at different ranges along the productivity
continuum.

Although it appears there are two differing responses of diversity to
productivity between the Northern and Southern Hemisphere streams, Spanish
streams had roughly three times higher primary productivity than the New Zealand
streams. Essentially, the New Zealand streams examined occurred along the first half
of the productivity scale and Spanish ones along the second half. Combining the two
regions showed density and richness fit the log-linear curve fitted to the New Zealand
data, with no evidence of a decline at higher productivity, suggesting this may be a
universal pattern. Most prior studies of this nature in New Zealand streams examined
the link between productivity and diversity at similar levels of productivity to those
here (e.g. Death 2002, Tonkin et al. In prep.-b) suggesting these may be simply
covering the lower half of the more common unimodal trend found in other
ecosystems. However, Barquin (2004) assessed this relationship in New Zealand
streams with up to five times higher productivity than the present study and found no
evidence for a decline in richness with increasing productivity. This fits with Death’s
(2002) postulation that productivity, rather than competitive interactions, sets the
upper limit to stream richness. The ‘hump shaped’ relationship between productivity
and diversity is common in many systems, especially with sedentary organisms (Waide
et al. 1999, Mittelbach et al. 2001), and has been found in lotic systems when assessing
primary producer communities (Cardinale et al. 2006). Rosenzweig (1995) provides
several explanations for a decline in richness at greater productivity including
competitive exclusion, but stream communities do not often fit within this theory.
Nevertheless, competitive exclusion does occur in stream communities (e.g. Hemphill
and Cooper 1983), but the influence of these interactions appears to be variable (Reice
1985) and it is more likely in streams with sedentary species (Hemphill and Cooper
1983, McAuliffe 1984). As most stream invertebrate communities are dominated by

organisms with a high degree of mobility and immigration and emigration (Downes
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1990, Death 2008), unimodal productivity-diversity relationships are rare (but see
Death and Zimmermann 2005).

Although the number of taxa increased with increasing productivity, evenness
of communities declined. However, this was not a consistent pattern and varied
greatly at higher levels of productivity. Within low productivity streams, Death (2002)
found diversity measures which account for community evenness are also positively
linked with productivity. However, two recent studies which found log-linear increases
in richness with productivity (Tonkin and Death In prep.-a, Tonkin et al. In prep.-b),
show that accounting for both evenness and density removed any relationship. In fact,
combining the New Zealand and Spanish data indicated the response of dominance to
productivity was highly variable. Tonkin et al. (In Prep.-a) show that these Spanish
communities become increasingly dominated by Prosimulium spp. at greater
productivity as a result of the high proportion of filamentous algae in these streams.
That is, although black flies (Simuliidae) do not graze directly upon algae they can be
found in high densities feeding on drifting algal cells (Peterson et al. 1985), as well high
densities of smaller individuals attached to filamentous algae (Dudley et al. 1986).
Tonkin et al. (In Prep.-a) propose that within streams, the productivity-diversity
relationship is heavily influenced by the taxonomic composition of the algal
communities. However, although communities became more dominated, competitive
exclusion does not appear to occur. Several other lotic studies have also found early
colonisers remain after later colonisers arrive and are not displaced (Death 1996,
Collier and Quinn 2003, Death 2006).

The % EPT index is commonly used as a bioassessment tool in streams (e.g.
Lenat 1988, Barbour et al. 1999) as these taxa are considered pollution sensitive.
However, both within each region and combined, the response was highly variable.
Tonkin et al. (In Prep.-a) found the percent of EPT animals responds more strongly to
algal community composition than productivity. If eutrophication only leads to an
increase in productivity, the EPT metric is unlikely to indicate this in our study streams
but if it affects the type of algae it will. In the New Zealand streams, although richness
increased along a log-linear gradient, there appeared to be a strong shift in the

community from EPT dominated to chironomid dominated at roughly the midpoint on
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the productivity gradient. However, when compared to the Spanish streams, this shift
in community composition occurred at relatively low levels of productivity which is
likely to be due to the alpine nature of this environment. Specifically, certain
chironomids are able to tolerate these types of environments such as cold water and
instability and thus appear at lower levels of productivity (Milner and Petts 1994).

Productivity is linked strongly with disturbance in streams (Lake 2000, Death
2002, Cardinale et al. 2006, Tonkin and Death In prep.-a, Tonkin et al. In prep.-b).
Consequently, we expected that bed stability could provide explanations for variation
in the productivity-diversity relationship. However, traditional models that require a
trade-off of competitive and colonizing ability in taxa such as the DEM (Huston 1979,
1994, Kondoh 2001), do not find much support in streams (Tonkin and Death In prep.-
a, Tonkin et al. In prep.-b), but see Cardinale et al. (2006). Our results indicate that
New Zealand stream communities respond strongly to bed stability but Spanish
streams do not. In fact, the Pfankuch index was not able to predict any of the
invertebrate community metrics in Spanish streams and thus stability was not able to
explain the lack of productivity-diversity relationship in Spanish streams. Barquin and
Death (2006) found diversity of benthic invertebrates were higher in more stable
habitats in New Zealand streams but Barquin and Death (2004) found the opposite in
Spanish streams. New Zealand stream communities are highly dependent on both
productivity and disturbance for the maintenance of diversity (Death 2002, Tonkin et
al. In prep.-b), but these studies suggest the role of disturbance is simply to reset the
colonization process (at different rates) allowing habitats to be recolonised. Richness
is consequently governed by productivity through the processes discussed previously;
however this was not exhibited in the Spanish streams which may be due to a lack of
low productivity sites in the limited range of study sites.

The lack of focused assessments of the productivity-diversity relationship in
lotic systems has left benthic ecologists with no clear idea of the nature of the
relationship.  With the strong role productivity plays in streams, especially in
conjunction with disturbance (Lake 2000, Death 2002, Cardinale et al. 2006, Tonkin
and Death In prep.-a, Tonkin et al. In prep.-b), it is essential to elucidate this

relationship. As has been found in recent studies (Death 2002, Barquin 2004, Tonkin
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and Death In prep.-a, Tonkin et al. In prep.-b), we suggest the role of productivity is
indeed to dictate maximum richness in streams rather than to increase the effect of
competitive interactions. Although variation in response between the two regions was
evident in this study, the overall relationship when combining regions suggests that
Death’s (2002) postulation of productivity setting the upper limit to richness in streams
is correct. The variable response found between the two regions indicates that
caution is required when interpreting results along differing scales of environmental
variation. With the large range of productivity assessed in this study and no decline in
richness at high levels of productivity, we provide strong evidence that the DEM is

unlikely to be relevant in streams.
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Appendix 1: Latitude, longitude and altitude of 48 streams sampled in the central North Island of New Zealand and Cantabrian Mountains of northern Spain,

between February and July 2007.

New Zealand Spain

Site Longitude Latitude Alt. Site Longitude Latitude Alt.
Mangatoetoenui @ SH1 175.7316156 -39.2363068 971 Rio Besaya @ Helguera -4.03276 43.158628 214
Whakapapa d/s intake 175.4659706 -39.11992199 680 Rio Eracia @ Helguera -4.030378 43.159622 222
Whakapapaiti @ SH4 175.4720796 -39.17692963 859 Rio Bisuena @ Barcena Pie de Concha -4.06826 43.121292 309
Trib of Ohinepango @ old hut 175.671968 -39.20895258 1106 Torina @ Barcena Pie de Concha -4.054722 43.126793 299
Waihohonu Springs 175.6654827 -39.18896035 1158 Santiurde @ Santiurde -4.078611 43.063231 634
Wahianoa stream u/s intake 175.6407765 -39.38396292 934 Rumadero @ Pesquera -4.074784 43.083177 574
Te Unuunuakapuateariki stream 175.5593075 -39.4431139 701 Rio Leon @ San Martin de Quevedo -4.038779 43.139996 264
Tongariro d/s Poutu intake 175.8224059 -39.13002278 456 Ayo Valdeiguna @ Pedredo -4.067773 43.192911 185
Waipakihi @ end of road 175.7729642 -39.22440144 857 Rio Argoza @ Barcena Mayor -4.232753 43.156963 422
Mangatepopo by camp 175.5633283 -39.06976046 752 Rio Saja @ Renedo -4.30455 43.194076 293
Mangatepopo d/s dam 175.5523842 -39.05335106 624 Rio de la Magdalena @ San Andres -3.897027 43.096378 412
Ohinepango Springs 175.6779304 -39.21838435 1091 Ayo Salcera @ San Miguel de Luena -3.899921 43.112736 347
Mangaturuturu river 175.3917215 -39.30696099 820 Rio Viafia @ Viafa -3.804674 43.155633 326
Tongariro d/s Rangipo dam 175.779722 -39.21008569 813 Rio Pas @ Pandillo -3.759107 43.164859 366
Tongariro @ pillars of hercules 175.7881839 -39.18527209 660 Llerana @ Coterillo -3.794589 43.263832 207
Whanganui @ Te Porere 175.5924007 -39.04622437 654 Rio Pisuena @ Barcena de Carriedo -3.823485 43.241998 181
Whanganui ds intake 175.6010392 -39.01997827 604 Nansa @ Puentenansa -4.406832 43.257111 168
Oturere Stream SH1 175.7576087 -39.18382654 809 Ayo de Hoyamala @ Puentenansa -4.406179 43.257101 163
Unnamed @ SH1 175.7578776 -39.1940232 885 Lamason @ Quintanilla -4.476253 43.25448 238
Whakapapanui @SH4 175.5090823 -39.1491875 835 Ayo de Traveseras @ Quitanilla -4.30588 43.256427 239
Unnamed Karioi forest stream 175.6278138 -39.38270332 935 Palomba @ Paracuelles -4.211634 43.019856 895
Poutu Stream 175.7969903 -39.07827181 518 Rio Hijar @ Espanilla -4.226527 43.019571 937
Tauwhitikuri Stream d/s intake 175.5513666 -39.05365336 621 Rio Rucebos @ Soto -4.222249 43.035916 960
Makomiko stream 175.3923096 -39.23638244 746 Rio Guares @ Abiado -4.289066 43.016011 1061
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Chapter 6: Scale dependent links between productivity, disturbance and diversity

Abstract

The effects of productivity and disturbance on diversity are highly variable with the
spatial scale at which they are examined. Not only do productivity and disturbance
have strong influences on diversity patterns at local and regional scales but they can
affect the way in which communities assemble and in turn alter beta diversity or
community dissimilarity. We assessed whether the form of both the productivity- and
disturbance-diversity relationships differed between the spatial scale at which they
were examined using experimental stream channels in three Hawke’s Bay, New
Zealand, streams. In place of true local and regional richness, we used the proxies
within- and between-stream richness, as well as assessing between-stream community
dissimilarity (similar to beta diversity). Our results indicate that productivity and
disturbance both affect diversity but at individual scales and in different forms. At the
within-stream scale, richness was a u-shaped function of productivity whereas at the
between-stream scale richness increased monotonically with increasing productivity.
Community dissimilarity on the other hand, increased monotonically with increasing
rate of disturbance. Rather than a greater role of deterministic assembly with
increasing disturbance, our results indicate the opposite but it appears that
communities are simply converging on those found in the surrounding streambed with
time since disturbance. Specifically, communities were more similar within individual
streams than within disturbance treatments and those to colonise post-disturbance
were simply a subset of taxa present at each site regardless of perceived colonising
ability rather than a suite of specialist colonising taxa. These results demonstrate that
without a distinction between early and late colonisers, a greater rate of deterministic

assembly at high disturbance will not occur.
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Introduction

The relationship between productivity and diversity can be highly variable (Currie
1991, Abrams 1995, Waide et al. 1999, Mittelbach et al. 2001). Unimodal (e.g. Grime
1973a, Huston 1979, Rosenzweig 1992, 1995, Leibold 1999, Waide et al. 1999,
Mittelbach et al. 2001) or linear (e.g. Currie and Paquin 1987, Currie 1991, Abrams
1995, Waide et al. 1999, Gaston 2000, Mittelbach et al. 2001) increases in diversity
with increasing productivity are those most often observed. However, linear declines,
u-shaped relationships and no relationship also occur (Waide et al. 1999, Mittelbach et
al. 2001). One explanation for the different outcomes is the difference in the spatial
scale of sampling (Currie 1991, Chase and Leibold 2002). Smaller scale studies
commonly find unimodal relationships between productivity and diversity but at
increasing spatial scales the pattern is often one of monotonic increases in diversity
with productivity (Waide et al. 1999, Mittelbach et al. 2001). There are many
mechanisms postulated to lead to this unimodal relationship (Rosenzweig and
Abramsky 1993, Abrams 1995, Waide et al. 1999). For example, Kassen et al. (2000)
have shown niche specialisation in heterogeneous, but not homogeneous
environments can cause this pattern. Chase and Leibold (2002) also found differences
in the nature of the relationship when considered from different scales; a hump
shaped trend occurred at local scales, a linear pattern at the regional scale and
community dissimilarity increased with productivity.

The mechanisms underlying the differences in the relationship between
productivity and diversity remain uncertain, although many have been hypothesised
and these are also likely to vary with scale (Waide et al. 1999). Two factors thought to
strongly influence the productivity-diversity relationship are disturbance (Huston 1979,
1994, Kondoh 2001), and the history of community assembly (Fukami and Morin
2003). The disturbance-diversity relationship also varies with spatial and temporal
scale (Petraitis et al. 1989, Mackey and Currie 2001, Chase 2007). However the
prevailing theme in disturbance ecology revolves around the Intermediate Disturbance
Hypothesis (IDH) (Grime 1973b, Connell 1978, Sousa 1979), and recently Roxburgh et

al. (2004) have shown the promotion of richness at intermediate levels of disturbance
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can come from many mechanisms. But the requirement for a competition-
colonisation trade-off (Chesson and Huntly 1997, Roxburgh et al. 2004, Cadotte 2007),
and the fact that this has been found to be lacking in many ecosystems, has led many
to suggest disturbance simply removes taxa (Death and Winterbourn 1995). Many
have advocated that diversity is a function of the interaction between disturbance and
productivity (Huston 1979, 1994, Kondoh 2001, Cardinale et al. 2006), however recent
empirical work suggests the effects are additive (Tonkin and Death In prep., Tonkin et
al. In prep.).

Both productivity and disturbance can also alter B diversity and community
dissimilarity through changes in assembly sequences (Chase 2007, Lepori and
Malmqvist 2009, Chase 2010). Deterministic assembly involves the recruitment of
colonists from the regional pool based on niche preferences, whereas stochastic
assembly involves random selection of available colonists (i.e. ecological drift). The
debate on whether deterministic (Poff 1997) or stochastic determinates (Reice 1994,
Hubbell 2001) are more important is long standing, though it is likely that a
combination of both occur (Hart 1992, Thompson and Townsend 2006). Recently,
Chase (2010) suggested that more productive environments lead to higher B diversity
through a stronger dependence on stochastic, as opposed to deterministic, community
assembly. Deterministic assembly processes will likely be more prevalent in harsh
environments where conditions filter out unsuitable taxa; benign environments on the
other hand will be governed by more stochastic processes allowing for a greater
representation of the regional pool (Chase 2007). This suggests B diversity or
community dissimilarity will decline with disturbance rate as a limited range of more
specialist traits are required in more disturbed habitats. Nonetheless, Lepori and
Malmaqvist (2009) found deterministic control (and associated lowest B diversity) was
greatest at intermediate levels of disturbance suggesting a more complex interplay
between stochastic and deterministic control.

We set out to test the effect of spatial scale on both the productivity-diversity
and disturbance-diversity relationships using experimental stream channels. Rather
than true a, B and y diversity, we used within- (local) and between-stream (regional)

richness and between stream community dissimilarity (B diversity) for each
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disturbance and productivity treatment. Based on previous work suggesting
productivity sets the upper limit to diversity in streams (Death 2002, Tonkin and Death
In prep., Tonkin et al. In prep.), we predict that within-stream taxonomic richness will
increase log-linearly with productivity and between-stream richness will increase
monotonically (Chase and Leibold 2002). As there is no clear competitive-colonisation
trade-off in New Zealand stream invertebrate communities (Death and Winterbourn
1995, Death 2002), we hypothesise that within-stream richness will decline with
disturbance. Although there is support for increased diversity with disturbance at the
regional scale, as it allows for the representation of early colonising species within
patchy environments (Hastings 1980, Pickett and White 1985, Chesson and Huntly
1997), we predict between-stream richness should match within-stream richness and
decline. This is because between-stream richness was assessed at the same
disturbance rate, thus disturbance should theoretically be homogeneous. We expect
greater dissimilarity in community composition (B diversity) at lower rates of
disturbance as a result of more stochastic assembly processes (Chase 2003, 2007). The
scale of this study is such that connectivity between replicates is low which has been
found to confound diversity assessments (Warren 1996, Chase 2003, Chase and Ryberg
2004, Ostman et al. 2006, Matthiessen et al. 2010).

Methods

Study sites and physicochemical measures

Pastoral farming and wine production dominates land-use of Hawke’s Bay, in the East
of the North Island of New Zealand; an area characterised by a warm and dry climate
with a mean annual rainfall of 783 mm. Three spring-fed streams of relatively similar
characteristics (mean width: 1.5-4.7 m; mean depth: 0.15-0.44 m; mean velocity: 0.42-
1.52 m s™) were selected for use in this study in the Ruataniwha Plains. Temperature
and conductivity in these streams ranged from 15.2 to 17.9°C and 160 to 220 pS cm?
respectively during the experimental period and streams range in altitude from 134 to

146 m a.s.l..
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Experimental methods

Eight plastic channels (1500 mm long x 150 mm wide x 100 mm deep) were placed in
the bed of each stream and filled with cobbles. Cobbles were sourced from within the
stream bed and allowed to acclimatise for 21 days before the treatment period. Four
disturbance and two productivity treatments were applied within each stream. The
disturbance treatments were: no disturbance (after initial disturbance at day 0), every
16, 8, and 4 days; and productivity treatments were either high or low. This yielded
eight treatments: the four levels of disturbance each at low and high productivity
levels. Productivity was characterised as high or low based on the presence or absence
of shading. Shade was applied by covering four of the channels in each stream with
1800 mm x 350 mm metal sheeting approximately 200 mm above the substrate and
held in place with metal stakes and rubber grommets. Disturbance was performed by
physically stirring the full contents of the channel whilst minimising removal of
periphyton on the substrate for two minutes. However, larger forms of macroalgae

were inevitably removed, if present, due to their ease of detachment.

Sampling protocols

Invertebrates were sampled from three random 250 mm sections within each channel.
Sampling was performed with a modified section of guttering, similar to the artificial
channels, with a 250 um mesh net attached. One stone (a axis < 60 mm) was removed
from each replicate for later analysis of periphyton biomass. The remaining sample
was placed in 70 % ETOH and later identified in the laboratory using available keys (e.g.
Towns and Peters 1996, Winterbourn et al. 2000).

Primary productivity was estimated from measures of chlorophyll a on stones
from within each sample. Chlorophyll a of natural substrate and primary productivity
in streams are highly correlated (Morin et al. 1999, Tonkin and Death In prep.). Stones
were kept cool and dark on ice in the field before being stored at -20°C.
Photosynthetic pigments were extracted from stones by submerging in known
volumes of 90 % acetone for 24 hours at 5°C. Absorbances at 750, 665 and 664 nm
were read on a Varian Cary 50 conc UV-Visible Spectrophotometer (Varian Australia

Pty Ltd, Mulgrave, Australia) and converted to chlorophyll a pigment concentration
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using Steinman and Lamberti (1996). These were then corrected for stone surface
area (Graham et al. 1988) and halved to account for periphyton being present only on

upper stone surfaces.

Statistical analysis

Within-stream (‘local’) taxonomic richness was calculated as the pooled number of
taxa for the three samples within each treatment. Between-stream (‘regional’)
richness was calculated as the total number of taxa for the three samples within each
treatment and each stream (nine samples). This is not true regional richness (y) but a
surrogate as it is simply the total number of taxa in all three streams for each
treatment, thus we use the terms within- and between-stream richness. We
calculated the dissimilarity in community composition in treatments between streams.
These dissimilarity metrics left us with three pairwise comparisons which were
averaged to achieve a ‘regional’ dissimilarity metric. Dissimilarity (100 — similarity) was
estimated using the Bray-Curtis similarity metric in Primer v6 (Clarke and Gorley 2006).
This method takes into account variation in taxonomic abundance and was performed
on raw data. Although this metric is similar conceptually to B diversity, it is a measure
of community dissimilarity accounting for abundances rather than the number of
unique taxa to each community. Thus, if dissimilarity is zero, all taxa are shared and at
the same abundances between all communities and if dissimilarity is 100 then no taxa
are shared. In order to assess whether changes in taxonomic richness with
productivity and disturbance were due to changes in the density of animals, we also
calculated the number of individuals and rarefied taxonomic richness.

To assess one factor of resource heterogeneity we calculated variation in
productivity between replicates and streams by summing the differences between
chlorophyll a values with each treatment. Similarity Percentages (SIMPER) was used to
assess which taxa contributed the greatest to differences between and within
treatments using Primer v6. Linear and quadratic regression was performed in order
to test for relationships between productivity, disturbance and diversity at the three
spatial scales using Statistix (Statistix 8 ©, Analytical Software, Tallahassee, FL, U.S.A.).

The effects of productivity and stability based on a priori group selection were
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assessed using two-way crossed Analysis of Variance (ANOVA) design in Statistix. Both

productivity and stability were treated as fixed factors.

Results

Chlorophyll a was higher in all high productivity treatments (Fy ;; = 4.36, P = 0.049),
but did not differ with disturbance rate (F3, 0 = 0.75, P = 0.54). The number of taxa did
not differ with disturbance rate (F3 16 = 0.33, P = 0.81), productivity (Fy,16 = 0.15, P =
0.7), or an interaction between the two (F5 15 = 0.13, P = 0.93).

Within-stream taxonomic richness exhibited a u-shaped quadratic response to
increasing productivity (Fig. 1, Table 1). This u-shaped relationship between
productivity and richness at the local scale can be explained by two separate
relationships related to the productivity treatment. In the low productivity
treatments, richness declined at a decreasing rate with increasing productivity (r =
0.68, F,9 = 9.53, P =0.01, y = 15.2 — 20.82x + 18.62x%). In the high productivity
treatments, richness increased monotonically although only at the 1 % level (r* = 0.32,
Fi 10 = 4.74, P = 0.06, y = 8.84 + 3.58x). Richness declined monotonically with
productivity at medium disturbance sites (8 day disturbance rate) (r* = 0.94, Fy 4 =

59.81, P =0.002, y = 13.38 — 6.2x) but was not related at any other disturbance rate.

Table 1: Results of linear and quadratic regression analysis for (a) productivity- and (b)
disturbance-diversity relationships at within- and between-stream scales and community
dissimilarity (100 — Bray-Curtis dissimilarity) in artificial channels in Hawke’s Bay, New Zealand
streams, December 2009.

F P r Equation
(a) Productivity
Within-stream richness 498 0.02 0.32 y=13.25-23.27x + 11.49%
Between-stream richness 16.68 0.007 0.74 y=14.42 + 8.76x
Community dissimilarity 0.025 0.88 0.004 y=66.13 + 4.46x
(b) Disturbance
Within-stream richness 0.01 0.92 0.0004 y =10.75 + 0.03x
Between-stream richness 0.028 0.87 0.005 y=18.5+0.1x
Community dissimilarity 10.16 0.02 0.63 y=48.71 + 7.85x
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Figure 1: Linear and quadratic regression between diversity and (a, ¢, ) productivity and (b, d,
f) disturbance at (a, b) within- and (c, d) between-stream scales and (e, f) community
dissimilarity (100 — Bray-Curtis dissimilarity) in artificial channels in Hawke’s Bay, New Zealand
streams, December 2009. Community dissimilary points represent the average of two-way
comparisons for each treatment between streams. Open symbols represent high productivity
and closed low productivity treatments. Upright triangles represent disturbance rate of 1 (not
disturbed), circles 2 (every 16 days), squares 3 (every 8 days), and inverted triangles 4 (every 4
days).
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Between-stream richness increased monotonically with increasing productivity
(Fig. 1, Table 1). However, community dissimilarity was not related to productivity.
The average variation in productivity (a surrogate for resource heterogeneity)
increased with increasing productivity but was not significant (Fy,¢ = 3.33, P = 0.12).
Rarefied richness was not related to productivity at this scale (F1 ¢ = 0.05, P = 0.83),
but the number of animals also increased with productivity at the 1 % level (r* = 0.44,
F1,6=4.71,P=0.07,y = 28.8 + 108.38x).

Within- and between-stream richness were not related to disturbance rate but
community dissimilarity increased monotonically with increasing rate of disturbance
(Fig. 1, Table 1). The number of individuals increased with disturbance rate at the
between-stream level (r2 =0.52, F1,6 = 6.52, P =0.04, y = 40.03 + 16.94x). However,
although community dissimilarity showed a slight increase with increasing number of
animals per treatment, this was not significant (F; ¢ = 3.56, P = 0.11). Likewise,
rarefied richness was not related to disturbance (F;, ¢ = 0.06, P = 0.82). Resource
heterogeneity (productivity variation) within treatments did not increase with
disturbance (F;, ¢ = 0.15, P = 0.71). Taxonomic richness increased with increasing
variation in productivity but was only significant at the 1 % level (r* = 0.47, F16=5.35,
P =0.06, y = 15.84 + 3.08x). Taxonomic dissimilarity was not related to variation in
productivity (F1 ¢ = 2.04, P =0.2).

Overall community structure differed between the four disturbance treatments
(R = 0.06, P = 0.03; Fig 2a). However differences between disturbance treatments
were largely due to shifts in density of the most abundant taxa rather than change in
composition (SIMPER; Fig. 2; Fig. 3). Five taxa contributed on average 77 % to
differences between disturbance treatments. These were: the snail Potamopyrgus
antipodarum, Oligochaeta, Platyhelminthes, the mayfly Deleatidium spp. and the net
spinning caddisfly Aoteapsyche colonica. The caddisfly Pycnocentrodes aeris was one
of the most abundant taxa at all sites and treatments (7.3 — 27.6 % contribution) but
contributed little to differences between sites and disturbance treatments. Of the top
five taxa differentiating treatments, P. antipodarum (Fig. 2c) and A. colonica (Fig. 2d)
were the only taxa to respond linearly to disturbance at the between-stream scale and

were negatively correlated with each other at both the within-stream scale (r = -0.45, P
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= 0.03) and between-stream scale although only at the 1 % level (r = -0.67, P = 0.07;
Fig. 3). However, when assessing abundances at each individual site, the responses to

disturbance treatment were site specific and varied greatly.
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Figure 2: Non-metric multidimensional scaling (NMDS) ordination of axis one against axis two
on raw invertebrate communty data from artificial stream channels in Hawke’s Bay, New
Zealand streams, December 2009 (stress = 0.13). (a) Coded based on disturbance treatment:
upright triangles = disturbance rate 1 (not disturbed), circles = disturbance rate 2 (every 16
days), squares = disturbance rate 3 (every 8 days), and inverted triangles = disturbance rate 4
(every 4 days). (b) Coded on individual streams: upright triangles = EX1, inverted triangles =
EX2, and squares = EX3. (c) Bubble plot for abundance of Potamopyrgus antipodarum and (d)
Aoteapsyche colonica. Bubble scale for both = 0 — 300 individuals per sample.

Community structure of undisturbed treatments (dist. 1) were significantly
different to all other treatments (dist. 2: R =0.11, P = 0.03; dist. 3: R=0.08, P = 0.047;
dist. 4: R = 0.12, P = 0.01; Fig. 2b). However, there was no difference in community
structure between the remaining treatments (dist. 2/dist. 3: R = 0.02, P = 0.22; dist.
2/dist. 4: R = 0.05, P = 0.09; dist. 3/dist. 4: R = -0.01, P = 0.52). Variation within

disturbance treatments indicated the number of taxa contributing to differences
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between replicates declined with disturbance rate. Four taxa (P. antipodarum, A.
colonica, Pycnocentrodes aeris and Deleatidium spp.) each contributed greater than 10
% to differences at the lowest disturbance rates whereas P. antipodarum was the only
taxa to contribute greater than 10 % at high disturbance sites. The contribution of P.

antipodarum to differences between replicates increased with disturbance rate.
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Figure 3: Mean abundance of five taxa contributing the greatest to difference between
disturbance treatments at each disturbance treatment collected within artificial channels in
three streams (EX1 — EX3) in Hawke’s Bay, New Zealand, December 2009.
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P. antipodarum was the most abundant taxa throughout all treatments but
abundance of this snail was lowest at the least disturbed treatments (N = 44) and
highest at the most disturbed (N = 180) and average per treatment increased with
disturbance rate (,z = 0.55, F1,6 = 7.34, P = 0.04, y = 11.75 + 39.77x; Fig. 2c; Fig. 3).
However, differences in P. antipodarum were not significant between disturbance
treatments (F3 ;0 = 0.98, P = 0.42). A. colonica declined monotonically with increasing
disturbance (rz =0.79, F1,6 = 22.37, P = 0.003, y = 28.42 — 6.3x). P. antipodarum was
negatively correlated with both axis 1 (r = -0.67) and axis 2 (r = -0.45) of the NMDS
ordination (Fig. 2c). A. colonica was positively correlated with axis 1 (r = 0.58) and
negatively correlated with axis 2 (r = -0.36; Fig. 2d). P. antipodarum was highest at site
EX2 (mean = 247 ind./sample) and lowest at site EX1 (mean = 11 ind./sample) (F2 21 =
12.6, P = 0.0003). A. colonica was highest at EX1 (mean = 34 ind./sample) and lowest
at both EX2 and EX3 (mean = 2 ind./sample) (F,,,1 = 15.57, P = 0.0001).

The difference in community structure was more strongly related to individual
site differences in composition (R = 0.65, P = 0.001; Fig. 2b). Communities were more
similar at each site regardless of disturbance rate (Bray-Curtis similarity = 46.6 — 50.1)
than between disturbance treatments at all sites (Bray-Curtis similarity = 28.6 — 40.7).
Moreover, when assessing differences in community composition using
presence/absence data, communities were more similar at each site regardless of
disturbance rate (Bray-Curtis similarity = 61.5 — 68.3) than between disturbance

treatments at all sites (Bray-Curtis similarity = 54.7 - 57).

Discussion

The response of diversity to both productivity and disturbance varied with the spatial
scale at which it was examined in this experiment. This is a common phenomenon
when assessing these relationships (Petraitis et al. 1989, Currie 1991, Mackey and
Currie 2001, Chase and Leibold 2002). In fact, diversity only responded to one of
productivity or disturbance at each scale. Productivity affected taxonomic richness at
within- (local) and between-stream (regional) scales and disturbance affected

community dissimilarity (B diversity). Previous studies have shown that productivity
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and disturbance can both affect diversity (e.g. Tonkin and Death In prep., Tonkin et al.
In prep.). Although central models in community ecology such as the IDH and DEM
predict the disturbance-diversity relationship is humped (Grime 1973b, Connell 1978,
Huston 1979, 1994, Kondoh 2001), there is a large body of evidence to suggest
diversity simply declines with increasing disturbance (Death and Winterbourn 1995,
Vinson and Hawkins 1998, Mackey and Currie 2001, Death 2002), but this relationship
can vary with spatial and temporal scale (Petraitis et al. 1989). We predicted diversity
in these streams at all scales would decline with increasing rate of disturbance but
there was no effect of disturbance at within- and between-stream scales. Although
experimental studies have struggled to isolate the effects of disturbance and
productivity (Robinson and Minshall 1986, Death 1996), we were able to manipulate
productivity independent of disturbance as chlorophyll a remained higher in high
productivity treatments. The fact that productivity and disturbance are particularly
linked in lotic systems suggests conclusions drawn from this paper are not limited to

these systems (Lake 2000, Death 2002).

Productivity-diversity relationship

The likelihood of occurrence of u-shaped relationships between productivity and
diversity, as found here at the within-stream scale, increases with spatial scale
(Mittelbach et al. 2001). Identifying causes for this pattern is difficult as it is not
supported by theory and the mechanisms have not been discussed (Mittelbach et al.
2001). Most emphasis is placed on identifying humped trends as much of ecological
theory predicts this (Mittelbach et al. 2001), but there are reasons to expect other
forms of this relationship (Abrams 1995). The more common unimodal relationship at
local scales (e.g. Grime 1973a, Huston 1979, Rosenzweig 1992, 1995, Leibold 1999,
Waide et al. 1999, Mittelbach et al. 2001) is likely to involve competition between
animals within heterogeneous habitats (Kassen et al. 2000), but not relatively
homogeneous such as in our study. This requires animals’ competitive ability to vary
between niches which in turn would require a trade-off between competitive and

colonising ability which is rare in streams (Death 2002).
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As predicted, between-stream richness increased monotonically with
increasing productivity. The discrepancy in the productivity-diversity relationship
found when assessing within- and between-stream scales in this study matches that
commonly found between true local and regional scales (Currie 1991, Chase and
Leibold 2002). Chase and Leibold (2002) found diversity peaked at intermediate levels
of productivity at small scales and increased monotonically at the regional scale in
pond communities. Several mechanisms have been put forward to explain the linear
increase in richness at regional scales (Currie 1991, Waide et al. 1999, Mittelbach et al.
2001) and one likely factor is the inclusion of different niches as spatial scale increases
(Kassen et al. 2000). Along with the regional linear increase in richness, Chase and
Leibold (2002) found a monotonic increase in community dissimilarity with increasing
productivity and more recently Chase (2010) suggested a greater deterministic control
in low productivity environments. Many factors could explain this including increased
resource heterogeneity and a greater number of stable states (Chase and Leibold
2002), but due to the nature of this experiment are not likely to apply. Accordingly, we

found no relationship between community dissimilarity and productivity.

Dissimilarity increased with disturbance

Increasing disturbance led to greater dissimilarity between communities; this counters
our prediction of greater deterministic control at higher disturbance (Chase 2003,
2007). Often differences in community dissimilarity can be explained by differences in
the recolonisation process; i.e. deterministic and stochastic assembly patterns. Theory
predicts B diversity should decline with environmental harshness due to a greater role
of deterministic assembly (Chase 2007), such as that found when comparing spring and
runoff-fed stream communities (Barquin and Death 2006). Nevertheless, recent work
in lotic systems has demonstrated a greater deterministic control at intermediate
levels of disturbance (Lepori and Malmqvist 2009) suggesting the transition from
stochastic to deterministic control is not necessarily linear. Disturbance, especially in
streams, typically operates at a patchy scale and creates heterogeneous habitat and
resources (Doeg et al. 1989, Lancaster and Hildrew 1993). Thus, disturbance can

promote diversity within a landscape (B and y) by allowing both early colonising and
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late successional species to coexist, but this is dependent on low dispersal (Warren
1996, Chase 2003, Chase and Ryberg 2004, Ostman et al. 2006, Matthiessen et al.
2010). Consequently, in natural systems we could have expected the increased
dissimilarity with disturbance to be a result of increased resource/habitat
heterogeneity. Due to the spatial and temporal scale of this experiment (dissimilarity
assessed between equal disturbance treatments), disturbance was homogeneous
between streams. Accordingly, resource heterogeneity (productivity variation) did not
increase with disturbance rate nor did community dissimilarity with resource
heterogeneity. In fact, resource heterogeneity is likely to be higher in more stable
habitats at this scale (Beisel et al. 1998, Barquin and Death 2006).

Whether the increase in dissimilarity with disturbance is a result of greater
stochastic assembly in more disturbed treatments is unclear (Chase 2003, 2007). A
large proportion of New Zealand benthic invertebrates are capable of living in highly
disturbed environments as a result of the high degree of environmental stochasticity
and have generalist feeding habits as a result (Winterbourn et al. 1981, Thompson and
Townsend 2000). In fact, there are many that could be considered ‘Hutchinsonian
demons’ — both superior colonisers and competitors (Kneitel and Chase 2004, Cadotte
et al. 2006). Essentially the role of deterministic assembly is less pronounced than in
other ecosystems where harsh conditions select for few specialised taxa. In these
streams, the proportion of taxa within the regional pool able to withstand these
conditions is likely to be high.

Given the hypothesised lack of deterministic control in disturbed treatments,
we suggest the increase in community dissimilarity with disturbance rate is simply a
function of the time since last disturbance (Reice 1994). Considered this way,
community dissimilarity declined with time, thus it appears these communities are
converging on a single stable equilibrium. If B diversity is not promoted through
different assembly processes (multiple stable equilibria), then heterogeneity in
resources/conditions between streams (with single stable equilibria) would be
required (Loreau and Mouquet 1999, Mouquet and Loreau 2002). Low connectivity
between replicates as in this study (dispersal between streams), typically promotes

multiple states (Warren 1996, Chase 2003, Chase and Ryberg 2004, Ostman et al.
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2006, Matthiessen et al. 2010). Therefore, the convergence on a single stable
equilibrium with time since disturbance between the streams indicates little
heterogeneity between habitats and resources which was indeed evident in the

present study.

Local suite of colonists
Rather than differences in assembly rules, it appears colonisation patterns are simply a
function of the local suite of colonising taxa. Specifically, colonisation of channels
appears to have come from the small-scale dispersal of animals present within the
surrounding benthos of the spring-fed streams in which the study was undertaken;
rather than a specialist suite of colonist taxa. Previous experiments of this nature have
found this pattern of local arrival rather than the more broad-scale arrival of specialist
colonisers (Death 2006). Thus the findings need to be considered with some caution
as the colonisation patterns do not necessarily match those of large-scale natural
disturbances. Communities found within the experimental channels, with a strong
contribution of Potamopyrgus antipodarum, Aoteapsyche colonica, Platyhelminthes,
Oligochaeta, Deleatidium spp. and Pycnocentrodes aeris are similar to those found in
the benthos in a previous study on these streams around this time (Tonkin and Death
In prep.). If ecological theory holds, we would expect high disturbance treatments to
be the most similar due to deterministic control selecting for few capable taxa but
communities were more similar within streams than within disturbance treatments.
Our results suggest the increasing dissimilarity with disturbance rate was due to
shifts in abundance of the most dominant taxa, although the mechanisms underlying
this are unclear. The most abundant animal, the hydrobiid snail P. antipodarum,
increased with disturbance rate which opposes research suggesting that this snail is
inversely related to disturbance in streams (Holomuzki and Biggs 1999). Moreover,
molluscs are generally considered slower colonisers and likely to be competitive
dominants (Hemphill and Cooper 1983, Mackay 1992), but the atypical response to
disturbance in this instance almost certainly reflects their abundance in the
surrounding benthos. The response of P. antipodarum to disturbance has been found

to be dependent on the type of substrate in the streambed (Holomuzki and Biggs
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1999), but this is not likely a factor in the present study as substrates were relatively
uniform between treatments. The decline of P. antipodarum with time since last
disturbance may have been due to a competitive interaction with the hydropsychid
caddisfly A. colonica. Disturbance can regulate the rate of competitive interactions
between opportunistic early colonisers and competitive dominants which colonise
slower (Hemphill and Cooper 1983). However, A. colonica did not necessarily replace
P. antipodarum in this study, merely their relative abundances increased and
decreased respectively. Although the negative interaction between these two species
occurred within each stream, densities were clearly more site specific than disturbance
specific. Nonetheless, where the substrate is regularly being turned over, it is likely to
be unfavourable conditions for a net building caddisfly such as A. colonica which
supports their increase with time since disturbance.

No suite of taxa were replaced with time since disturbance (Collier and Quinn
2003, Death 2006), but the negative association between A. colonica and P.
antipodarum indicates a potential competitive-colonising trade-off. A critical
requirement of many relationships in disturbance ecology is that there is a trade-off
between competitive and colonising ability (Chesson and Huntly 1997, Roxburgh et al.
2004, Cadotte 2007). Neutral models have renewed debate on this central tenet in
ecology (e.g. Hubbell 2001), but there is still widespread support for these trade-offs
(e.g. Kneitel and Chase 2004, Cadotte et al. 2006). Previous studies looking at
responses disturbance in streams indicate that rather than competitive displacement,
original taxa remain and other taxa arrive with time but do not displace early
colonisers (Death 1996, Collier and Quinn 2003, Death 2006). The expectation of no
competitive displacement led us to predict a decline in richness with disturbance but
we found no such pattern. Chase (2010) also found that taxa in low productivity
habitats (harsh) were simply a nested subset of those found at higher productivities
(benign), and argue that this is likely a more general pattern than previously thought.
Indeed, the taxa found in high disturbance treatments in the present study are merely
a subset of those found in stable treatments and although P. antipodarum declines

with increasing stability, it is still dominant throughout all treatments. More
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importantly, an underlying competitive interaction between P. antipodarum and A.

colonica does not explain the increase in dissimilarity with disturbance.

Conclusions

Our results demonstrate that spatial scale can affect the way species diversity
responds to environmental conditions. We have shown that diversity can respond to
both productivity and disturbance but at different spatial scales. Specifically,
taxonomic richness was lowest at intermediate levels of productivity at the within-
stream (local) scale and increased monotonically at the between-stream (regional)
scale. Rather than the increase in community dissimilarity previously found with
increasing productivity (Chase and Leibold 2002) and the stronger role of deterministic
assembly suggested for harsh environments (Chase 2007), we found an increase in
dissimilarity with increasing rate of disturbance. Due to the abilities of the pool of
colonists to withstand disturbed environments in these streams, communities are
converging as a function of the time since last disturbance. Namely, they are simply
returning to those found in the surrounding benthos as a result of the scale of
disturbance and that it is not limiting the species pool. These patterns are highly
dependent on the pool of colonists and are underpinned by interactions within each
stream. Without a distinction between early colonising and late successional
communities, increased deterministic assembly (and lowering of B diversity) with
increasing disturbance will not apply. In fact, depending on the heterogeneity of
regional habitats and connectivity between habitats, the opposite pattern may occur

as we show here.
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Chapter 7: Synthesis

The aim of this thesis was to investigate the linkages between productivity,
disturbance and diversity in stream macroinvertebrate communities and further the
understanding of these relationships. | accomplished this by (i) assessing the
application of diversity models such as the Dynamic Equilibrium Model (DEM) (Huston
1979, 1994, Kondoh 2001) and a more contemporary stream-specific productivity-
disturbance-diversity model (Death 2002), as well as developing and testing a
multivariate model of diversity based on observed patterns in New Zealand mountain
streams; and (ii) exploring the form these links in further detail between New Zealand
and Spanish streams as well as investigating the underlying mechanisms driving these
relationships in lotic systems. The prevailing premise is that diversity increases with
increasing productivity and declines with increasing disturbance, although there was
slight variation in the form of these relationships between chapters.

The strength of the link between productivity, disturbance and diversity of
stream macroinvertebrate communities was clearly demonstrated in this study.
Firstly, a large scale study of mountain streams indicated that productivity and
disturbance could both independently predict diversity but the relationship was
affected by the presence of canopy cover, in that strong links were present in open
canopy streams but not those with canopy cover (Chapter 2). However, this
relationship was consistent between regions of differing land use (Chapter 3).
Secondly, | demonstrate that where productivity-diversity relationships are not
obvious, invertebrate communities may be controlled by the growth form of the
periphyton community rather than its biomass (Chapter 4), or may simply be a
function of the range of productivity considered (Chapter 5). In fact, global
productivity-diversity relationships may exist in streams, even where individual
differences in the shape of the curve between regions are evident. Finally, there is a
strong effect of the spatial scale of consideration in productivity-diversity and
disturbance-diversity relationships (Chapter 6).

One of the more important hypotheses | tested was whether productivity and
disturbance interact to modulate diversity (Kneitel and Chase 2004, Scholes et al. 2005,
Cardinale et al. 2006), or whether they operate independently. Because the link

between productivity and disturbance in streams is particularly strong (Lake 2000,
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Death 2002, Cardinale et al. 2006), they are thought to interact to generate outcomes
on diversity. This interactive effect is a central component of the DEM, but although
both productivity and disturbance could predict diversity at individual scales, there was
no evidence of a statistical interaction between the two (Chapter 2 and 3). That is, the
effects of productivity and disturbance were additive, rather than multiplicative at
individual scales.

In Chapter 2 | found some support for the Intermediate Disturbance Hypothesis
(IDH) (Grime 1973, Connell 1978, Sousa 1979), with a unimodal relationship between
disturbance and diversity. However, a second study assessing this relationship
suggested diversity declined with disturbance and this was consistent between two
regions of contrasting land use intensity (Chapter 3). Despite finding support for the
IDH in Chapter 2, the relationship between productivity and diversity did not match
that of the DEM, exhibiting a log-linear increase in diversity with increasing
productivity. This increase matches the assertion of Death (2002) that productivity
sets the upper limit to richness in stream communities rather than leading to a greater
rate of competitive interactions. Death (2002) further suggests the role of disturbance
is to simply remove taxa and reset colonisation, allowing for productivity to set
maximum richness. Therefore, | developed a model, building on Death’s model, which
predicts that diversity is a unimodal/quadratic function of disturbance, with
productivity determining the magnitude of that peak.

This model, and that of Death (2002), were similar in their predictive ability in
both a pristine region and a region more heavily impacted by land use change (Chapter
3). However, this suggested a quadratic decline rather than the unimodal trend found
in Chapter 2. The link between productivity, disturbance and diversity did not differ
between these regions, which is interesting considering the contrast in anthropogenic
influences in each region’s environment. When assessing whether the productivity-
disturbance-diversity relationship differed between streams with or without canopy
cover, | found it was only evident at open canopy sites. This was not a result of the
correlation between canopy cover and stream size and it remains unclear as to what
the main determinant of diversity in sites with canopy cover is. However, the

difference in productivity-disturbance-diversity links between sites with and without
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canopy is likely to be related to a stronger coupling between invertebrate communities
and algal productivity in autotrophic than heterotrophic streams. The relationships
between productivity, disturbance and diversity can be highly variable with the spatial
scale at which they are assessed (Petraitis et al. 1989, Currie 1991, Mackey and Currie
2001, Chase and Leibold 2002) as | have shown in experimental stream channels
(Chapter 6), and altering productivity or disturbance can lead to changes in assembly
sequences of animals. Interestingly, this experiment indicated that either productivity
or disturbance individually affected diversity at each scale. This differs from the
findings in Chapters 2 and 3 where, although operating independently, productivity
and disturbance both had strong influences on diversity at the same scale of
assessment.

Given that productivity-diversity relationships are a relatively little studied area
of lotic ecology, | was interested in whether productivity set the upper limit to richness
in streams elsewhere in the world (Death 2002, Barquin 2004), or whether greater
productivity led to competitive exclusion. Although the effects of productivity on
diversity were strong in all the New Zealand streams, there was no direct relationship
in the 24 Spanish streams assessed (Chapter 4 and 5).

While measuring primary productivity indicates the rate of production of
energy, it does not account for the specific form of plants driving this production.
Assessing the response of macroinvertebrate diversity to two coarse measures of
periphyton community composition found strong responses where a simple measure
of primary productivity (chlorophyll a) could not (Chapter 4). Specifically,
macroinvertebrate diversity tended to be negatively associated with filamentous algal
forms and positively associated with periphytic mats. Moreover, when testing the
response of these streams along the same axis as 24 New Zealand streams (Chapter 5),
they were simply a continuation of a log-linear curve found in the New Zealand
streams, suggesting this may be a universal pattern. Despite the wide range of
productivities assessed, there was no evidence for a decline in diversity at greater
rates of productivity which suggests competitive exclusion is not occurring as is

required for the DEM to apply.
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The overwhelming evidence found in this thesis is that productivity simply
increases diversity, with no evidence of an increase in competitive interactions at
greater levels of productivity. The log-linear link between productivity and diversity
was not limited to New Zealand streams with a universal pattern emerging between
the Spanish and New Zealand streams. Furthermore, | provide reasons for a lack of
obvious link between productivity and diversity including underlying biotic interactions
and the scale at which the relationship is assessed. Disturbance, on the other hand,
exhibited more variable effects on diversity, although the prevailing theme is that
disturbance simply removes taxa at a variable rate. This thesis goes a long way
towards identifying the true form of both the productivity-diversity and disturbance-
diversity relationships in streams. | provide further evidence to suggest the DEM is not
applicable in stream systems, which is likely due to a lack of competitive exclusion.
Finally, although the effects of productivity and disturbance are strong, | propose that
they do not interact to affect diversity in stream macroinvertebrate communities but

operate independently.
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Appendix 1: Raw invertebrate data collected from 47 streams (Chapter 2) in the Tongariro

National Park, New Zealand, between February and April 2007. Values are mean number of

individuals collected from five Surber samples (area = 0.1 m?) at each site. Site names are

given in Appendix 2.

No. Taxon 1 2 3 4 5 6 7 8
Ephemeroptera
1 Deleatidium spp. 56 436 71.2 80 174 23.8 516 28
2 Nesameletus ornatus 0 0.4 0.2 0 0 0 0 0
3 Coloburiscus humeralis 3.2 1.2 244 1838 0.4 5.4 47 7.6
4 Acanthophlebia cruenata 0 0 0 0.2 0 0 0 0
5 Austroclima sepia 0 0 2.4 2.4 1.6 0.2 5.2 3
6 Austroclima jollyae 0 0.8 0 0 0 0.4 4 1
7 Mauiulus luma 0 0 0 0 0 0 0 0
8 Zephlebia spectabilis 0 0 0 0 0 0 0 0
9 Zephlebia borealis 0 0 0 0 0 0 0.6 0
10 Zephlebia versicolor 0 0 0 0 0 0 0 0
11 Zephlebia dentata 0 0 0 0 0 0 0 0
12  Zephlebia tuberculata 0 0.4 0 0 0 0 0 0
13  Amelotopsis perscitus 0 0 0 0 0.2 0 0 0
14  Neozephlebia scita 0 0 0 0 0 0 0.4 0
Plecoptera
15 Zealandoperla spp. 224 302 528 116 0.8 1 414 4.8
16 Zealandobius confusus gp. 0 0 0 0 0.2 0.2 0 0.4
17  Zealandobius furcillatus gp. 0 0 0 0 0 0 0 0
18 Austroperla cyrene 1.2 0.6 3.8 0 2.8 3 0.6
19 Stenoperla prasina 0 0.6 0.4 0.6 0 0 0 0
20 Taraperla pseudocyrene 0.2 0.2 0 0 0 0 0 0
21  Megaleptoperla dimunata 0 0 0 0 102 0 0 0
22  Megaleptoperla grandis 1.8 2.8 5.2 6.6 0 4.2 10 9.8
Trichoptera
23 Aoteapsyche colonica 0 1.4 9.2 16 0 34 55 0
24  Orthopsyche fimbriata 0.2 0 0 0 0 0 0 0
25  Orthopsyche thomasi 0.8 0 0 0 0 0 0.4 2.4
26 Early instar Hydrobiosidae 1.4 0.4 1.6 4 4.8 0 1.4 0
27 Psilochorema A 0.2 0.4 0.8 0 4.2 0.2 0.2 0
28  Hydrobiosis parumbripennis 0.2 0.2 1.2 0 1.6 0.2 0.2 1
29  Hydrobiosis silvicola 0 0 0 0 0 0 0 0
30 Hydrobiosis frater 0 0 0 0 0.4 0 0 0
31 Hydrobiosis spatulata 0.2 0 0 0 0 0 0 0
32  Hydrobiosis clavigera 0 0 0 0 0 0 0 0
33  Hydrobiosis charadrea 0 0 0 0 0 0 0 0
34  Neurochorema forsteri 0 0.2 0 0 0 0 0.4 0
35 Neurochorema confusum 0 0 0 0 0 0 0 0.2
36 Costachorema callistum 0 0 0.2 0 0 0 1 0.6
37 Costachorema xanthopterum 0 0 0 0 0 0 0.2 0
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No. 9 11 12 13 14 15 16 17 18 19 20 21
1 3.6 28 164 522 1436 72.6 1456 106.4 96 384 296 168
2 0 0 0 0 0 0 0 4.2 0.8 3 2.6 1
3 0 0 1 0.4 0 48 128 9.4 464 1 4.8 0.2
4 0 0 0 0.8 0 0 1 0 0 0 0 0
5 0 0 2.4 0.2 0.4 0.2 0 1.2 101.6 2.4 1.6 0.8
6 0 0.8 0 0 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0 0 0 0 0
10 0.8 0 0 0 0 0 0 0 0 0 0 0
11 0 0 0 0 0 0 0 0 0 2 0 0
12 0 0 0 0 0 0 0 0 0 0 0.2 0
13 0 0 0 0.2 0 0 0 0 0 0 0 0
14 0 0 0 0 0 0 0.2 0 0.8 0 0 0
15 34 148 156 148 124 258 424 196 8 104 186 73.2
16 0.6 0 0.8 08 232 0.2 0 0.4 0 2 0 0
17 0 0 0 0 0 0 0 0 0 0 0 0
18 0.4 0 0.2 0.8 7 118 0 116 106 0.8 0.8 0.8
19 0 0 0.4 0.4 1 0.2 1.8 0.8 0 1 0.8 0
20 0 0 0 0 0.4 0 0 0 4 0.6 0 0
21 0 0 0 0 0 0.2 0 0 0 0 0 0
22 1.2 0 242 2 212 4.2 0 5.2 0 0.8 1.2 0.8
23 296 16.2 0 0.2 0.4 14 112 9.6 2038 1.8 0 5.6
24 0 0 0 0 0 0 0 0 0 0 2.4 0
25 0 0 0.8 0 0 0 0 0.2 0 0 0 0
26 0.8 0.8 0 4.4 2.8 0.4 3.2 16 128 0 7.2 6.6
27 0 0 0 0.2 2.4 0 4 2.4 4.8 5 2.6 0.8
28 1.2 0 2.4 0.2 0 0.4 0 1.6 16 0.6 1.8 2.8
29 0 0 0 0 0.2 0 0 0 0 0 0
30 0 0 0 0 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0 0 0.8 0 0 0
32 0 0 0 0 0 0 0 0.2 0 0 0 0
33 0 0 0 0 0 0 0 0 0 0 0 0
34 0.8 0 0 1.2 0 0 0 0 0.8 0 0.6 1
35 0 0 0 0 0 0 0 0 0 0 0 0
36 1.8 0.4 0.8 0 0.6 0 0.2 0 0.8 0 1.6 0.8
37 0 0 0 0 0 0 0 0 0 0 0 0
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No. 35 36 37 38 39 40 41 42 43 44 45 46
1 76.8 153.6 158 8.4 4938 15 252 328 728 732 7.4 6.4
2 0 0 0 0 0 0 0 0 0.2 4.8 0.2 0
3 136 248 0 0 20 0.8 12 146 228 226 1.6 0
4 0 0 0 0 0.2 0 0 0 0 0 0 0
5 116  37.6 1 0 1 1.4 0 624 9.4 3.2 122 0
6 0 0 0 0 1.8 0 11 0 0 0 0 0
7 0 0 0 0 2.2 0 0 0 0.2 0 0 0
8 0 0 0 0 0 0 0 0 1 0 0
9 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0
11 8 0 0 0 0 0 0 0 0 4.8 0
12 0 0 0 0 0 0 0 1.6 0 0 0
13 0 0 0 0 0 0 0 0 0 0 0
14 0 0 0 0 0 0 0 0 0.2 0.2 0
15 35.2 ) 18.4 21.6 44.2 0 196
16 20 2 0.8 4 1.8 0
17 0 0 0 0 0 0
18 0 0 0 1.6 2.4 3.8 0
19 0 0 0 1.4 0 0 0
20 0 0 0 0 3.4 0.2 0
21 0 1 0 0 0 0 0
22 .2 0 2 0.6 0.8 0 0 0
23 0.4 1 2.2 0 2 0 .8
24 0 0.4 0.4 16 234 0 .8 0
25 0 0 0 0.8 0 0 0 0
26 0.2 1 3.2 7.8 4.8 24 0 .6
27 0 0 0.4 0.8 0 3.8 4 0
28 0.4 2 6.2 34 0.2 1 0 0
29 0 0 0 0 0 0.6 0.2 0 0
30 0 0 0 0 0 0 0 0 0 0 0
31 0 0 0 0 0 0 1.4 0 0 0 0
32 0 0 0 0 0 0 0 0.4 0 0
33 0 0 0 0 0 0 0 0 0 0 0
34 3.2 0.2 0 0 1.2 1.8 0 0.8 0.2 0 0
35 0 0 0 0 0 0 0 0 0 0 0
36 0 0 0 0.4 1.4 2 1.6 3 1.2 0 0
37 0 0 0.2 0 1.2 0 0 0 0 0 0
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No. Taxon 2 3 4 5 6 7 8
38 Costachorema psaropterum 0 0 0 0 0 0 0 0
39 Hydrobiosella mixta 0.2 0 0 0 0 0 0 0
40 Hydrochorema crassicaudatum 0 0 0 0 0 0 0 0
41 Pycnocentria evecta 0 0.2 1.2 1.6 0 0.2 5.6 0
42 Pycnocentria funerea 0.2 0 0 0 0 0 1.6 0.6
43 Pycnocentria sylvestris 0 0 0 0 0 0 0 0
44 Pycnocentrella eruensis 0 0 0 0 0 0 0 0
45 Pycnocentrodes aeris 0 6.8 9.2 0 0 0.2 43.6 0.4
46 Beraeoptera roria 22 48.4 5.2 4.8 0 5.2 1544 344
47 Confluens hamiltoni 0 2.4 0 0.2 0 0 2 0.4
48 Oeconesus similis 0 0 0 0 0 0 0 0
49 Oecetis sp. 0 0 0 0 0 0 0 0
50 Hudsonema amabile 0 0 0 0 0 0.2 0 0
51 Hudsonema alienum 0 0 0 0 0 0 0 0
52 Oxyethira albiceps 1.2 0 3.6 0.8 0 0 2.8 0
53 Paroxyethira hintoni 0 0 0 0 0 0 0 0
54 Olinga feredayi 0 4.8 3.4 8 0 0.6 4 1
55 Helicopsyche poutini 0 1.8 1.4 7.2 0.4 0 1 0.4
56 Zelolessica cheira 0.8 0 0 0 3.2 0 0 4.8
57 Allocentrella sp. 0 0 0 0 0 0 0 0
58 Caddis Pupae 0 0 0 0 0 0 0.6 0
59 Polyplectropus sp. 0 0 0 0 0 0 0 0
60 Philorheithrus agilis 0 0 0 0 0 0 0 0
Diptera
61 Orthocladiinae A 0 0 0 0.8 0 0 0 0.4
62 Orthocladiinae B 0.2 0 1.2 4 0.6 1.2 0.6 0
63 Orthocladiinae C 2.4 0 0 7.2 3 1 25.6 0
64 Orthocladiinae D 4.2 1 0 0 0 0 0
65 Orthocladiinae E 8.4 1.8 0.2 0 846 0.4 19 3.2
66 Orthocladiinae F 0 0 0 0 1 0 0 0
67 Chironominae A 35.8 0.4 0 0 6.2 0.2 1.4 0.8
68 Maoridiamesa sp. 68.2 13 0.2 7.2 0.8 0.2 16.8 2.6
69 Tanypodinae A 0 0 0 0 0 0.2 0.2 0
70 Chironomidae pupae 7.4 0.2 0 0 4 0.2 2.8 0
71 Eriopterini (other) 1 0.8 0.6 1.6 2.8 3.2 0.4 1
72 Molophilus sp. 0.2 0 0 0 0 0 0 0
73 Aphrophila neozelandica 4 2 6.8 5 0 2.6 20.6 0
74 Austrosimulium spp. 0 0 1 1.6 3.6 0 0.4 0
75 Mischoderus sp. 0.2 0 0 0 0.2 0 0 0
76 Empididae 0.6 0 2 0 0.8 0 0.6 0
77 Limonia sp. 0 0 0 0 0 0 0 0
78 Neocurupira hudsoni gp. 0 0 0 0 0 1.2 0 0
79 Paradixa sp. 0 0 0 0 0 0 0 0

186



12 13 14 15 16 17 18 19 20 21

11

No.

38
39
40
41

0.4

0.2

0.2

0.2 0.2

24.8

9.2

0.2

0.4

42

43

44
45

0.4

6.4
0.2

0.8

0.8 1.6
1.6

0.2

0.8

18

16.8

35

0.2

6.4

46

0.6
4.2

36.8

0.2

47

0.2

48
49

2.8

50
51

0.8

1.6

0.8
4.8

1.6

3.6

52

0.2

53
54
55
56
57
58
59
60

1.6

0.2

7.2 3.2

6.4
21.6

1.8

14
0.8

0.4

6.8
0.6

5.6

0.8

76
24

1.8

1.4

4.2

2.6

0.2

0.2

0.4

4.4
2.6

0.8

7.2

0.4

61

8.8
5.6

0.8

0.8
0.8

7.6 1.6

25.2

104 5.6

62

170.8

2.2 5416

10
9.2

1.6

6.8

63

16.6

64
65

126 576 67.6

72.8

33 3.2

34

11.6

0.4
354

66
67

0.8 0.8
132

0.8

1.6
2.6

104

81.2

0.8
0.2

6.4

11.8 4.8

87

82

68
69
70
71

9.2

16.8

1.6

6.2

0.4
1.2

0.8

2.6

2.6

2.2

72
73
74
75
76
77
78
79

1.6

0.8

5.4 5.4 2.4 7.2 6.6

9.2

1.2
2.4

0.6

1.6

2.4

0.8

0.2

8.4

14

0.2

0.8

0.2

1.8

1.6

0.4

187



22 23 24 25 26 27 28 29 30 32 33 34

No.

38
39
40
41

1.6

0.2

1.8

1.6

5.2

9.6

42

43

44
45

0.8

0.2

1.6

14
0.6

13.6

29.6

0.4
2.6

27.8

10.8

30.4

2.4
6.4

6.6

29

6.2

6.4

46

10.4

2.4

47

0.2

0.2

48
49

50
51

0.4

0.8

0.4

0.2

114

52

53
54
55
56
57
58
59
60

1.8
43.6

24
0.8

181.4 7.2 0.2 0.2 1.6

0.6

0

0.4

0.8

0.4

0.2

0.2

1.6
29.6

2.4
0.8
0.8

61

4.2

6.2

2

157.4 103.2

1.2
1.8

15.2
133.6

62

2.6
1.2
1.6

1.6
0.6

0.4

17.6

3.6

63

4.8

57

16.8

64
65

6.2

20

16.8

41.6

23.2

0.2

66
67

0.4 0.4

3.2

2.4
16.8

0.6

19

0.2 6928 189.6 0

156 20.2 92

0.8 535.2

0.8

68
69
70
71

0.2

0.2

0.4 0.4

0.8

0.6

2.4

9.4

0.8 0.2

1.8
0.6

0.2

5.6

1.4

0.2

1.6

2.4

72
73
74
75
76
77
78
79

3.6

18.2 144

6.4

1.6
24

2.4
3.2

1.2

4.6

1.6

0.8

0.2

0.2

0.8

0.8

20

0.8

0.8

188



36 37 38 39 40 41 42 43 44 45 46
0.8

35

No.

38
39
40
41

0.8

0.8
0.2

0.2

0.4

0.2

0.2

0.6 18.8

0.6

2.4

28

0.2

3.8

224

17

0.6

42

43

1.6

44
45

8.6
1.2

0.2

0.2

11.2

30.4

0.8

7.8
7.4

2.2

14.6

0.8

46

0.4

47

48
49

50
51

0.2

0.2

0.2

0.4

0.8

1.6

52

53
54
55
56
57
58
59
60

0.2

0.4

3.2 0.6 226 7.6
12.8

0.8

104

2.2

27
0.8

0.2 15.2

25

1.6

19.2

2.4

0.2

0.4

0.2

0.2

1.2

0.8

0.2

61

5.4

27.8

39.2

58.8

38

34
1.6

62

1.6

11
1.8
3.8

18
4.2

7.2

63

9.6

64
65

0.6

2.4

32 124 2.2

32

66
67

0.2

0.8

1.2
4.2

6.4
20.8

0.8

20.6

37

50.2

294

68
69
70
71

0.4
0.4

1.4
1.6

3.6 0.8

4.4

6.8

3.6
0.2

0.8
0.8

1.4

0.2

0.6

0.2

1.6

72
73
74
75
76
77
78
79

5.8

3.6

1.6

2.4
0.6

20.2

6.4

3.2

14

0.8

0.6

0.4

0.4

0.4

0.8

189



47 48 49

No.

38
39
40
41

0.2

42

43

44
45

0.8

0.2

46

47

48
49

50
51

0.8

0.4

52

53
54
55
56
57

0.8

0.6

0.8

58
59
60

61

27.4

62

74.8

25.2

4.8

63

10.4

64
65

0.4

66
67

0.4

7.8
0.8

1.2

68
69
70

3.2

3.2 0.6 6.2

71

72
73
74
75

7.4
0.8

0.4

0.2

2.8

1.8

76
77
78
79

190



No. Taxon 1 2 4 6 7 8
80 Nothodixa sp. 0 0 0.2 0 0.4 0 0 0
81  Ephydrella thermarum 0 0 0 0 0 0 0 0
82 Ceratopogonidae 0 0 0 0 0 0 0 0
83  Muscidae 0 0.8 0 0 0.8 0 0 0
Coleoptera
84  Elmidae Hydora spp. 2 136 24 20 0 2.4 26 124
85 Hydraenidae 0 2 2.4 0.8 1 0 1.4 0
86  Ptilodactylidae 0 0 0.2 0 0.2 0 0 0
87 Hydrophylidae 0 0.2 0 0 0.2 0 0 0
88 Scirtidae 0 0 0 0 0 0 0 0
Mollusca
89  Potamopyrgus antipodarum 0 0 0 0.8 0 0 0.6 0
90 Latia neritoides 0 0 0 0 0 0 0 0
91  Gyraulus corinna 0 0 0 0 0 0 0 0
Other
92  Archichaulioides diversus 0 1 2.2 1.6 0.6 1.4 4.4 1.4
93  Platyhelminthes 0 0 0 0 0 0 0.4 0
94 Oligochaeta .8 0 2.8 24 272 0.2 0.4 0
95 Neuroptera Kempynus spp. 0 0 0 0 0 0 0 0
96 Nematoda 0 0.2 0 0 0 0 0 0
97 Ostracoda 0 0 0 0 0 0 0 0
98  PFaricalliope spp. 0 0 0 0 0 0 0 0
99  Anisops assimilis 0 0 0 0 0 0 0 0
100 Nematomorpha 0 0 0 0 0.2 0 0 0
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No. 35 36 37 38 39 40 41 42 43 44 45 46
80 0 0 0 0 0 0 0 0 0 0 0.2 0
81 0 0 0 0 0 0 0 0 0 0 0
82 0 0 0 0 0 0 0 0 0 0 0
83 0 0 0.4 0.2 0.6 1.2 3 0 0 0 0
84 28 120 0.2 0 106 114 344 1.6 37 4.4 0 1.2
85 22.4 0.8 0 0 0.2 0 0.8 0 3.8 7.8 0 0
86 144 0 0 0 0 0 1 6.4 14 0 0.2 0
87 0 0 0 0 0 0 0 0 0 0 0
88 0 0 0 0 0 0 0 0 0.8 0 0
89 8 0 0 0 0 0 0 0 0 0.6 0.6 0
20 0 0 0 0 0 0 0 0 0 0 0 0
91 0.2 0 0 0 0 0 0 0 0 0 0 0
92 0 4.2 0 0 4 0 5.4 0.6 6 0 0
93 7.2 0 1.8 1.6 0.2 0 4 0 0.4 2.4 0
94 144 6.4 25 1.6 232 48 16.2 3.2 3 1.2 0.2 0.2
95 0 0 0 0 0 0 0 0 0 0.2 0 0
96 0 0 0.6 0.6 0 0 0 0 0 0 0 0
97 0 0 0 0 0 0 0 0 0 0 0 0
98 0 0 0 0 0 0 0 0.8 0 0 148 0
99 0 0 0 0 0 0 0 0 0 0 0 0
100 0 0 0 0 0.4 0 0 0 0 0 0
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Appendix 2: Sampling location information for the 47 streams used in Chapter 2 in the
Tongariro National Park, New Zealand, sampled between February and April 2007. Altitude =

m asl. * Indicates the 24 New Zealand sites used in Chapter 5.

Site no.  Site name Easting Northing Altitude
1 Te Whaiau stream 2735629 6236670 643
2% Whanganui @ Te Porere 2734447 6236741 654
3* Whanganui d/s intake 2735280 6239631 604
4* Mangatepopo by camp 2731856 6234203 752
5 Rotoaira trib 2745962 6232119 570
6 Mangahouhounui 2751536 6231933 540
7* Poutu Stream 2752035 6232647 518
8 Puketerata SH1 2752750 6228950 590
9* Oturere Stream SH1 2748265 6221043 809
11* Mangatoetoenui @ SH1 2745841 6215290 971
12* Unnamed @ SH1 2748253 6219911 885
13 Waihaha stream 2752693 6222742 651
14 Trib of Mangawhero on Turoa rd 2723107 6202308 912
15 Mangawhero @ Turoa rd 2719503 6198649 663
16 Mangaeteroa Stream @ Horopito 2714942 6203708 736
17 Makotuku River @ Horopito 2715050 6203696 713
18 Orautoha stream @ Middle rd 2713091 6205484 712
19 Taurewa stream d/s intake 2730850 6235993 621
20* Tauwhitikuri Stream d/s intake 2730873 6236020 621
21* Mangatepopo d/s dam 2730962 6236051 624
22 Tauwhitikuri Stream u/s intake 2731045 6233786 728
23 Okupata d/s intake 2728772 6235536 694
24* Whakapapa d/s intake 2723280 6228877 680
25 Whakapapa u/s intake 2723465 6228824 697
26* Whakapapanui @ SH4 2726914 6225525 835
27* Whakapapaiti @ SH4 2723631 6222537 859
28* Trib of Ohinepango @ old hut 2740786 6218482 1106
29* Ohinepango Springs 2741269 6217420 1091
30* Waihohonu Springs 2740293 6220717 1158
32%* Wahianoa stream u/s intake 2737514 6199145 934
33* Unnamed Karioi forest stream 2736402 6199318 935
34* Te Unuunuakapuateariki stream 2730309 6192788 701
35 Waiharakeke stream 2733203 6192405 735
36 Unnamed Karioi forest stream 2732704 6193961 725
37 Unnamed Karioi forest stream 2733009 6194725 749
38 Unnamed Karioi forest stream 2740109 6198462 914
39 Mangatawai @ Tongariro confluence 2750705 6221184 660
40* Tongariro d/s Poutu intake 2754050 6226836 456
41 Waitaki stream d/s Rotokura lake 2726571 6192156 627
42 Waiharuru trib 2725422 6196222 710
43 Waiharuru stream 2725000 6196222 710
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Site no.  Site name Easting Northing Altitude
44* Makomiko stream 2716563 6216130 746
45 Unmarked spring 2725250 6198400 770
46* Mangaturuturu river 2716300 6208300 820
47* Waipakihi @ end of road 2749450 6216500 857
48* Tongariro d/s Rangipo dam 2750083 6218070 813
49* Tongariro @ pillars of hercules 2750900 6220800 660
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Appendix 3: Raw invertebrate data from 16 study sites (Chapter 3) in Tongariro National Park

and Hawke’s Bay of the North Island of New Zealand collected on four occasions between

February 2008 and July 2009. Values are mean number of individuals collected from five

Surber samples (area = 0.1 m?) at each site on each occasion. Site names are give in Table 1 in

Chapter 3. 0208 = February 2008, 1008 = October 2008, 0209 = February 2009, 0709 = July

20009.
e &8 8 8 8 8 3 ]
5 & % § £ £ L B

No. Taxon 2 2 2 2 2 2 2 2

Ephemeroptera
1 Deleatidium spp. 0 112 704 948 3.6 5 196 96.8
2 Nesameletus ornatus 0 0 1.4 0 0 0 0 0
3 Coloburiscus humeralis 0 0 264 0.6 0 0 0 100.4
4 Acanthophlebia cruenata 0 0 0.2 0 0 0 0 0
5 Austroclima sepia 0 0 29.2 0 4.2 0 0 8.2
6 Austroclima jollyae 0 0 0 3 0 2 4 7.6
7 Mauiulus luma 0 0 0 0 0 0 0 0
8 Zephlebia spectabilis 0 0 2 0 0 0 0 0
9 Zephlebia versicolor 0 0 0.2 0 0 0 0 0
10 Zephlebia dentata 0 0 0 0 0 0 0 0.2
11  Zephlebia tuberculata 0 0 0 0 0.2 0 0 0
12  Amelotopsis perscitus 0 0 0 0 0 0 0 0
13 Neozephlebia scita 0 0 4 0 0 0 0 0.4

Plecoptera
14  Zealandoperla spp. 0 314 8.8 258 2.6 44 142 7138
15  Zealandobius confusus gp. 0 0.6 0 0.4 2.2 0 0 1.2
16 Austroperla cyrene 0 0.6 1.6 1 0 0 0.2 7
17  Stenoperla prasina 0 0 0.4 0 0 0 0 0
18 Taraperla pseudocyrene 0 0.2 2.8 0 0 0 0 0
19 Megaleptoperla grandis 0 5.8 0.2 3.6 0 1.6 0.6 6.6
20 Megaleptoperla dimunata 0 0 0 0 0 0 1.8 0

Trichoptera
21  Aoteapsyche colonica 0 22 3.2 7.8 0 136 116 1728
22 Orthopsyche fimbriata 0.2 0 0 0 0 0 0 1
23 Orthopsyche thomasi 0 0 0.2 0 0 0 0 0
24 Early instar Hydrobiosidae 0 34 8 4.6 5.6 4 1.8 0
25 Psilochorema A 0 0 2.2 1.2 0 0 0 0
26  Psilochorema B 0 0 0 0 0 0 0 1.2
27 Psilochorema C 0 0 0 0 0 0 0 0.4
28  Psilochorema D 0 0 0 0 0 0 0 0
29 Psilochorema E 0 0 0 0 0 0 0 0
30  Hydrobiosis parumbripennis 0.4 1 4 1.8 2.4 2 3.4 2
31 Hydrobiosis umbripennis 0 0 0 0 0 0 0 0

198



800T dN
800T E€dN
800T ¢dN
800T"TdN
80¢0'89H
80¢0°L9H

80¢0°99H
80¢0°Sd9H

80¢0'vaH

80¢0'€dH

80¢0°C49H

80¢0°T4dH

o
2

66

38

0.4
60.4

10

1.6

1.2

49.6 224 109.6 128

368

76.4

3.2

2.8

1.2

0.4

1.2

0.4

0.6

0.8

31.6

3.44

17.2

10.4

11.2 4.4

13.6

0.8

1.6

0.36

1.8

1.6

4.8

7.2

10
11
12
13

4.8

1.8

16

14
15
16
17
18
19
20

0.2

0.2

1.6
0.8

0.8
0.8
0.4

0.6

3.2

2.6

0.2

1.6

32.8 199.2 483.2 6.8 1.8

8.8 1128

8.8

21

22
23
24
25

0.6

0.2

0.8

5.2

4.4 0.8 0.96

1.8
4.4

6.4 3.4 24

9.2

1.08

5.4

26
27

0.8

28
29
30
31

0.8 0.16

5.8

4.2

1.6

7.2

3.2

0.2

199



800T'89H
800T°LdH
800T'99H
800T"S9H
800T°v49H
800T €9H
800T ¢aH
800T'TaH
800T 8dN
800T"LdN
800T'9dN

800T"SdN

o
2

30.8

84.8

86.8

9.4

145.2

87.6 165.2

12.4

53

1.4

0.2

0.8

2.4

6.8

0.4

21.6

0.8

26.6

1.6

0.2

10
11
12
13

2.8

0.8

3.2

3.6

0.4
1.2

3.2
0.2

0.2

2.4

0.2

14
15
16
17
18
19
20

0.4

7.6

0.8

2.8

0.2

0.2

0.2

0.2

4.8

1.6

9.8

1.6

1.8

20

0.4

1.6

0.2

21

1.2

0.4

22
23
24
25

1.8
14

2.4
1.2

0.6

3.4

1.2
7.2

0.2

0.8

26
27

0.2

0.8

0.8

28
29
30
31

3.2

6.4

2.2

0.2

0.4

0.4

0.2

0.2

0.2

200



60¢0'v9H
60¢0°€dH
60¢0°¢dH
60¢0°T9H
6020°8dN
602¢0°LdN
60C0°'9dN
60¢0°SdN
6020°7dN
60C0°EdN
60¢0°¢dN

60C0°'TdN

o
2

46

62 173.6

0.2

43.8 1924

6.2 298 3138 5.6 0.2 54.2

0.2

0.4

1.8
63.8

0.2
25.6

2.6

0.8

0.8

0.4

0.6

0.2

8.6

55.2

3.8
0.8

0.2

0.2 0.2

49.6

2.4

4.8

10
11
12
13

0.2

5.6

14

26.4

12.8

0.4
0.2

3.2

16.4

0.2 244

14
15
16
17
18
19
20

0.8
6.4

0.8 0.2

2.2

0.2

0.2

2.4

0.2

0.2

7.4

1.2

6.4 363.2 144

5

0.8 0.2 0.6 67.8

14.6

21

0.4

22
23
24
25

0.8

0.8

2.6

0.4

3.4
0.8

0.2

0.8

12
3.6

0.4

26
27

28
29
30
31

5.6 2.6 1.2

1.8

11.2

0.6

201



60L0°8dN

60L0°LdN

60L0°9dN

60£0°SdN

60L0°dN

60L0°EdN

60L0°CdN

60L0°TdN

602¢0°89H

60¢0°L9H

60¢0"99H

60¢0°'S9H

No.

81.2

1.8 108.2

0.4 9.2 114 444 4

8.6
0.2

134.8 276.4 0

1

2.8
44.2

0.8
8.8

0.2 0.8

0.4

0.2

0.2

0.8

1.8

5.4
0.2

6.4

0.2

12

12.8

12.4

3.8

0.2

0.8
6.2

0.2

10
11
12
13

14

11
3.8

0.6
29.2

2.8
0.2

24
0.4

0.2

0.2

14
15
16
17
18
19
20

3.4

0.4

0.2

0.6

1.2

2.8

0.2

19.2

3.4

2.4
0.2

0.2

1.6

0

50.2 113.8

21

22
23
24
25

0.6

5.4
0.6

22 118

4.6

2.2
0.2

1.6

0.6
6.2

2.4

0.8

5.8

0.4

0.2

0.2

1.2

1.8

26
27

28
29
30
31

2.4

0.8

0.2 2.8 34

0.4

2.6

0.8

22.4

12.6

202



60L0°L9H
60L0°99H
60L0°S9H
60L0°v9H
60L0°€9H
60L0°CaH

60L0°'T9H

o
2

79.6 45.2 4.4

374

52.6 110.2

18.8

0.2

1.6

14

3.8

37.8

1.2 0.8 0.2

3.6

10
11
12
13

0.4

0.2

14
15
16
17
18
19
20

0.2

9.4

2.4

1.2

177.6

1

21

22
23
24
25

0.4 2.2 0.4
0.2

0.2

4.6

0.8

1.6

0.2

26
27

28
29
30
31

2.2

1.2

0.2

1.4

0.2

203



T g ® ¥ ® ® ¥ B

5 &8 ¢ £ £ £ § 2
No. Taxon 2 2 2 2 2 2 2 2
32  Hydrobiosis frater 1 0 0 0 0 0 0 0
33 Hydrobiosis spatulata 0 0 1.8 0 0 0 0 0
34  Hydrobiosis clavigera 0 0 1 0 0 0 0 0
35 Hydrobiosis harpidosa 0 0 0 0 0 0.4 0 0
36  Hydrobiosis charadrea 0 0 0 0 0 0 0 0
37 Neurochorema forsteri 0 0 0 0 0 0 5 1
38 Neurochorema confusum 0 0 0.2 0 0 0 0 0
39  Costachorema callistum 0.6 0.4 0.6 1.6 0 0.4 2.8 0.6
40 Costachorema xanthopterum 0 0.4 0 0 0 0 0 0
41 Hydrobiosella mixta 0 0 0 0 0 0 0 0
42 Hydrochorema crassicaudatum 0 0 0 0 0.2 0 0 0
43 Caddis Pupae 0 0 0 0 0 0 0.8 0
44 Plectrocnemia machlachlani 0 0 0 0 0 0 0 0
45 Polyplectropus sp. 0 0 0 0 0 0 0 0
46 Pycnocentria evecta 0 0 4 0 0 0 0.2 1.4
47 Pycnocentria funerea 0 0 1 0 0 0 0 1.4
48  Pycnocentria hawdonia 0 0 0 0 0 0 0.8 0
49 Pycnocentria sylvestris 0 0 0 0 0 0 0 0
50 Pycnocentria gunni 0 0 0 0 18.6 0 0.4 0
51 Pycnocentrodes aeris 0 0 0.6 0 1.2 0 1.2 17.4
52 Beraeoptera roria 0 0.6 6.6 5.4 0 0.2 1.6 225.2
53 Confluens hamiltoni 0 0 156 1.6 0 0 2.4 1.6
54 Oeconesus similis 0 0 0 0 0 0 0 0
55  Hudsonema amabile 0 0 0.2 0 0 0 0 0
56 Hudsonema alienum 0 0 0 0 0 0 0 0
57  Triplectides dolichos 0 0 0 0 0 0 0 0.2
58  Triplectides obsoletus 0 0 0 0 0 0 0 0
59 Oxyethira albiceps 0.2 0.4 6.8 1.6 0 0 0 0.6
60  Paroxyethira sp. 0 0 0 0 0 0 0 0
61 Olinga feredayi 0 0 1.8 0.4 0 0 0 4.8
62 Helicopsyche poutini 0 0 0.6 0 0 0 0 0.6
63 Pseudoeconesus sp. 0 0 0 0 0 0 0 0
64  Zelolessica cheira 0 04 146 1.2 1 0.6 2 0.8
65  Allocentrella sp. 0 0 34 0 0 0 0 0

Diptera

66  Orthocladiinae A 0.6 0 0.2 0 0 0 0 0.8
67 Orthocladiinae B 0 19.8 0 55.2 12.8 39.2 534 8
68  Orthocladiinae C 0 0 42 934 136 4.8 0 0.2
69 Orthocladiinae D 0.2 6.6 0 9.2 0 5 0 0
70  Orthocladiinae E 0 122 67 358 63.6 2.2 6.4 0.8
71 Orthocladiinae F 0 0 0 0 0 0 0 0
72  Orthocladiinae Z 0 0 0 0 0 0 0 0
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T g B B ¥ g g B
5 & &£ § £ g § ¢
No. Taxon 2 2 2 2 2 2 2 2
73 Chironominae A 0 118 2 4.6 16 1.8 9 1.6
74 Chironominae B 0 0 0 0 0 0 0 0.8
75 Maoridiamesa sp. 0 101.6 1 116 1762 172 926 8.6
76  Tanypodinae 0 0 1.4 0.8 0.8 0 0 0.4
77 Chironomidae pupae 0 4.2 34 2.8 1.2 0.4 2.6 0.2
78 Eriopterini (other) 0 5.8 0 1.6 0.4 3.2 4.2 0.6
79 Molophilus sp. 1.2 0 0 0 0 0 0 0
80  Aphrophila neozelandica 0 0.6 3.6 7.2 0.2 0.8 1.2 138
81  Austrosimulium spp. 0 156 1.8 0 3 1.8 0.2 0
82 Mischoderus sp. 0 0.2 0 0 0 0 0.4 2.4
83 Empididae 0 2.6 0 0 7.4 3.6 0 0
84  Ceratopogonidae 0 0 0 0 0 0 0 0
85 Limonia sp. 0 0 0 0 0.2 0 0 0
86 Ephydridae 0 0 0 0 0 0 0 0.2
87 Muscidae 0 0 0.2 4.8 2.4 3.4 5.8 0
88 Paralimnophila sp. 0 0 0 0 0 0 0 0
89  Stratiomyidae 0 0 0.4 0 0 0 0 0
90 Unidentified Diptera 0 0 0 0 0 0 0 0
Coleoptera
91 Elmidae Hydora spp. 0 6.6 15.2 42 0.4 16 356 154
92 Hydraenidae 0 0 6 0.2 0 0 1.6
93 Hydrophylidae 0 0 0.2 0 0 0 0
924 Ptilodactylidae 0 0 5 0.2 0 0 0
95  Scirtidae 0 0 0 0 0.2 0 0 0
Mollusca
96 Potamopyrgus antipodarum 0 0 144 0 0 0 0 0.2
97 Physa spp. 0 0 0 0 0 0 0 0.2
98 Ferissia spp. 0 0 0 0 0 0 0 0
929 Latia neritoides 0 0 0 0 0 0 0 0
100 Gyraulus corinna 0 0 0 0 0 0 0 0
101 Sphaerium novaezelandiae 0 0 0 0 0 0 0 0
Other
102 Archichaulioides diversus 0 0 156 0.4 0 0 0.2 642
103 Platyhelminthes 0 1.4 0.8 0 0.2 0.2 0 2.8
104 Oligochaeta 0 0.2 2 4.8 594 554 0.4 1.4
105 Nematomorpha 0 0 0 0 0.2 0 0 0
106 Paricalliope spp. 0.2 0 0 0 0 0 0 0
107 Ostracoda 0 0 0 0 0 0 0 0
108 Hirudinea 0 0 0 0 0 0 0 0
109 Nemertea 0 0 0 0 0 0 0 0
110 Nematoda 0 0 0 0 0 0 0 0
111 Xanthocnemia zelandica 0 0 0 0 0 0 0 0
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Appendix 4: Raw invertebrate data collected from 24 streams of Cantabria, Spain, July 2007

(Chapter 4). Values are mean number of individuals collected from five Surber samples (area =

0.1 m?) at each site. E = Ephemeroptera, P = Plecoptera, TC = cased caddisfly, TF = free-living

caddisfly, TN = net-spinning caddisfly, D = Diptera, DC = Chironomidae, CA = adult Coleoptera,

CL = larval Coleoptera, O = Other. The taxa contributing the most to group differences are as

follows: D1 = Prosimulium spp., E1

Orthocladiinae b, E3 = Ephemerella sp., O3 = Bythinella sp., P1 = Protonemura sp., TN1

= Baetis spp., O1

Echinogammarus spp., DC4

Hydropsyche sp., DC1 = Orthocladiinae a, 02 = Oligochaeta. Site names are given in Appendix

1 of Chapter 4.

Taxon 1 2 3 4 5 6 7 8 9 10 11 12
Ephemeroptera

El 280.4 335.2 150.8 73 189.8 1492 73,6 658 128 81.8 158.4 238.2
E2 3.2 1.8 4.8 0.2 19 8 24 134 1238 9.6 1 3.8
E3 18 49.2 80.4 39.2 36 19.2 2.2 0 4.8 1 1 6.2
E4 0 0 0 0 0 0 0 0 0 0 0 0
ES 0 0 0 0 0 0 0 0 0 0 0 0
E6 0 0 0 0 1.6 0 1.2 0.4 0.4 0.4 0 0.4
E7 0 0 0 0 0 0 0.4 0 0 0 0 0
E8 0 0 0 0 0 0 0 0 0 0 0 0.8
Plecoptera

P1 4.4 8.6 4.8 4.8 1.6 0 6.4 1 284 188 3
P2 0 1 0 0 0 0.4 0 0
P3 0 0 0 0.8 0 0 0 0 0 0 0 0
Trichoptera

TC1 0 0 0 1.6 0 0 0 0 0 0.2 0.8 0
TC2 0 0 0 0 0 0 0 0 0 0 0 0
TC3 0 0 0 0 0 0 0 0 0 0 0 0
TC4 3.2 0 0.8 0 0.8 0 0 0 0 0 0 0
TC5 0 0 0 0 0 0 0 0 0 0 0 0
TC6 0 0 0 0.2 0 0 0 0 0 0 0 0
TC7 0 0 0 0 0 0 0 0 0 0 0 0
TC8 0 0 0 0 0 0 0 0 0 0 0 0
TC9 0 0.2 0 0 0 0 0 0 0 0 0 0
TC10 0 0.4 0 0 0 0 0 0 0 0 0 0
TF1 12 13.2 6.8 10.2 2.6 3.8 1.4 2 3.6 4.4 4.6 1.2
TF2 0 0 0 0 0 0 0 0 0.8 0 0 0
TF3 0 0.8 0 0 0 0.2 0.8 0 1.8 0 0 0.2
TF4 0.8 0 0 0 0 0 0.8 0 0.8 0 0 0
TF5 0 0 0 0 0 0 0 0 0 0 0 0
TF6 0 0 0 0 0 0 0 0 0 0 0 1
TF7 0 0 0 0 0 0 0 0.2 0 0 0 0.8
TF8 0 0 0 0 0 0 0 0 0 0 0 0
TN1 21.6 16.6 08 21.2 1.4 0 126 0 3.8 6.6 2.6 0.4
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Taxon 13 14 19 21

Ephemeroptera

E1l 146 232.2 327.2 706

E2 1 8 8.2 16.2

E3 54 3.8 27.4 9

E4 0 0 0 0 0

ES 4.4 3.2 0 0 0.2 0 0 0 4
E6 0.8 0.2 0 0 0 0.4 0 0.8 0 0
E7 0.2 0 0 0 0 0 0 0 0 0
E8 1.6 0 2 0 0 0.2 0 0 0 0
Plecoptera

P1 50.6 32.4 34.8 0.8

P2 0.2 0 0 0 0

P3 0 0 0 0 0

Trichoptera

TC1 9.6 0.2 0 0 0 0.2 0 0 0 0 0 0
TC2 0 0 0 0 0 0 0 0 1.2 0 0 0.4
TC3 0 0 0 0 0 0 0 0 0.2 2.4 5 0
TC4 0 0 0 0 2.4 0 0 0 0 0.8 1.6 0
TC5 0 0 0 0 0 0 0 0 0 0 2.4 2.4
TC6 0 0 0 0 0 0 0 0 0 0 0 0
TC7 0 0 0 0 0 0 0 0 1.6 0 0 0
TC8 0 0 0 0 0 0 0 0 0.6 0 0 0
TC9 1.6 0 0.2 0 0 0 0 0 0 0 0 0
TC10 0 0 0 0 0 0 0 0 0 0 0 0
TF1 10 3.6 2.4 4.2 104 14.2 7 6 7.6 3.2 4.6 6.2
TF2 0 0 0 0 0 0 0 0 0 0 0 0
TF3 6.2 0.6 0.4 1 1.8 0 2.4 2.4 1.2 0 0 0
TF4 0.4 0 0 1.6 0 0 0 0 8.4 0 0
TF5 0 0 0 0 0 0 0 0 0 0 0.8
TF6 0.2 0 0 0 0.2 0 0 0 0 0 0.8
TF7 0.8 1.6 0 0 0 0 0 8.4 0 0 0 0
TF8 0 0 0 0 0 0 0 0 0 0 0.2
TN1 27 6.8 14.8 8.8 105.2 13.4 35.8 7.8 0.8 2.2 3.8 2.8




Taxon 1 2 3 4 5 6 7 8 9 10 11 12
Diptera

D1 83.2 155 50.8 0.8 50.8 6802 324 1294 17 452.8 1004 914
D2 14 7.4 1.6 0 0 0 0.8 0 0 04 2.6 0.4
D3 0 0 0 0 0 6.4 0 0 0.2 0 0 0
D4 0 0.8 0 0 0 0 0.8 0 0 0 0 1.6
D5 0.8 0 0.4 0 0.8 0 0 3.2 0.4 10.4 0 0.2
D7 0 0 0 0 0 0.2 0 0 0 0 0 0
D8 0 0 0.8 0 0.2 0 0 0 0 0 0.2 0
D9 0 0 0 0 0 3.2 0 0 0 0 0 0
D10 0 0.8 0 0.8 0 0 0 0 0 0 0 0
D11 0 0 0 0.2 0 0 0 0 0 0 0 0
D12 0 0 0 0 0 0 0 0 0 0 0 0
DC1 10.4 0.2 9.2 1.4 3.2 4238 0.8 0.2 1.8 1 304 0.2
DC2 4 1.6 0 0 0 28.8 3.2 0 1.4 2.2 1.6 0
DC3 0.4 0.8 2.4 0 3.2 4 6 0.2 1.4 2.4 0 1
DC4 6.8 39.2 0.8 54 3.2 1111 32.6 0.6 1.8 17 76.2 4.6
DC5 0 0 0 0 0 0 264 0 0 0 0 0
DC6 4 4 0 0 4.2 10.4 0.8 0 0.4 0 0 0
DC7 0 0 0 0 0 3.2 0 0 0 0 0.2 0
DC8 0.8 0 0 0.8 0 86.4 0 0 0 3.4 0 0
Coloeoptera

CAl 18.4 12.6 7.2 8.8 1 0.8 8.6 6.4 236 12.4 5.8 14.4
CA2 0.8 0 0.4 0 0 0 2.2 1.8 2.4 0.2 0.6 1.4
CA3 0 0 0 0 0 0 0 0 0 0 0 0
CA4 0 0 0 0 0 0 0 0 0 0 0 0
CA5 0 0.8 0 0 0 0 0 0 0 0 0 0
CL1 0 0 0 0.2 0 0 0.8 0 0.2 4.4 0 0.4
CL2 3.2 1.6 5.6 16.6 0.8 0.8 8 0.6 3.6 9.8 0.8 15.6
CL3 13.6 0 2.4 4.6 0 0 2.8 0.4 0 3.6 0 6.6
cL4 0 0 0 0 0 0 0 0 0 0 0 0
CL5 0 0 0 0 0 0 0.8 0 0 0 0 0
CLe 0 0 0 0.8 0 0 0 0 0 0 0 0
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Taxon 13 14 15 16 17 18 19 20 21 22 23 24
Diptera

D1 73 7.4 314 12.8 92.4 4.8 25 20 3374 391 22.2 204
D2 2.6 1.6 7.6 1.8 3.2 0 24.4 1 1.6 0.4 0.2 1.4
D3 0 0 0 0 0 0 0 0 0 0 0 2.6
D4 0 0 0 0 0 0.8 0 04 0 0 0 0.8
D5 1 0 0 0 0.2 3.6 0.4 0.6 0 0 0 0
D7 0 0 0 0 0 0 0 0 0.8 0 2.6 0
D8 0 0 0 0 1.2 3.2 0 0 2.4 0.4 0 0
D9 0 0 0 0 0 0 0 0 1.6 0 0 0
D10 0 0 0 0.8 0 0 0 1.2 0 0 0 0
D11 0 0 0 0 0 0 0 0 0 0 0 04
D12 0 0 0 0 0 0 0 0 0 0 0.2 0.4
DC1 0 4 0 4.6 8.2 1.6 0 0 2.4 7.6 1.2 4
DC2 1 3.2 1.4 1.2 1.6 0 0.8 0.6 0.8 0.6 6 4.4
DC3 1.2 2.2 2 7.6 0 0 1.2 1.8 9.4 2.4 1.4 1.2
DC4 18.4 27.6 13.2 15 14.4 10.4 12.2 154 162.4 16.4 126 356
DC5 1.6 0 0 0 0 0 0 0 0 0.2 0 0
DC6 0 0 1.6 1.8 0 0.8 0 1.2 6.4 1.4 0 0
DC7 0 2.6 0 0 0 0 0 0 0 04 0.2 0
DC8 0.8 0 0 0.2 0 0 0 0 0 6.8 0 4.6
Coloeoptera

CAl 17.8 16.4 9.8 9.8 13.6 8.8 1.8 6.6 6.6 4.2 8 3.2
CA2 2 2.6 4.2 1.2 1.6 0 2.6 9 0 4.4 5.4 0.8
CA3 0 0 0.8 1.2 0 0 0 0 0 0 0 0
CA4 0 0 0.8 0.2 0 0 0 0 0 0 0 0
CA5 0 0 0 0 0 0 0 0 0 0 0 0
CcL1 4.6 1 0 0 2 0 1 1.8 0 0 0
CL2 17.6 0.8 5 2.8 24.8 2.4 0.4 1.6 384 26.6 3.2
CL3 0 0 0.4 3.4 12.8 4.4 0 0.6 0 5.2 26.6
cL4 0 0 0 0 0 0 0 0 1.8 0 0 0
CL5 0 0 0 0 0 0 0 0 0 1.6 0 0
CLe 0 0 0 0 0 0 0 0 0 0 0 0
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Taxon 1 2 3 4 5 6 7 8 9 10 11 12
Other

01 64 6.2 157.6 14.8 4 9.6 0 794 57.8 916 0 14.4
02 40.8 2.6 0 1.6 0 160.8 2.4 0 1.2 1 0 0.8
03 2.8 9.6 0 464 0 0 46.8 6.6 0 0.8 0.2 9.8
04 2 0.6 0 1 4 12.8 0.2 5.6 0 1.6 0.8 3
05 0 0.8 0 0.2 0 3.2 0.8 0 0 0 0 0.8
06 0.8 0 0 0 0 4.4 0 0.2 0.4 0 0 0
o7 1.2 0 0 0 0 0 0 0.8 0 0 0 0
08 1.2 0.8 1.6 5.6 .6 0 0 0.8 0.4 0 0 1.4
09 0 0 0 0.2 0 0 0.4 0 0 0 0 0
010 0 0 0 0 0 0 0 0 0 0 0 0
011 0 0 0 0 0 0 0 0 0 0 0 0
012 0 0 0 0 0 0 0 0 0 0 0 0
013 0 0 0 0 0 0 0 0 0 0.8 0 0
014 0 0.2 0 0 0 0 0 0 0 0 0 0
015 0 0 0 0 0 0 0 0.2 0 0 0 0
016 0 0 0 0 0 0 0 0 0 0 0 0
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Appendix 5: Raw invertebrate data collected from artificial channels in three Hawke’s Bay,
New Zealand streams, December 2009 (Chapter 6). Values are the pooled number of
individuals for the three samples from each channell.

g 9 & & 9 9 ¢ o
o =} - — o] ] < <
No. Taxon E 5 S E E S E S
Ephemeroptera
1 Deleatidium spp. 15 65 51 70 19 32 9 47
2 Zephlebia dentata 0 0 0 0 0 0 0 0
3 Austroclima sepia 1 0 0 0 0 0 0 1
4 Neozephlebia scita 0 0 0 0 1 0 0 2
5 Coloburiscus humeralis 0 0 0 0 1 0 0 1
Trichoptera
6 Aoteapsyche colonica 42 48 69 48 24 19 18 2
7 Psilochorema A 1 0 0 0 0 0 0 0
8 Hydrobiosis parumbripennis 1 5 0 0 0 1 0 1
9 Hydrobiosis frater 0 1 5 1 0 0 0 0
10 Neurochorema forsteri 0 0 0 4 1 1 0 0
11 Pycnocentria evecta 0 0 0 1 0 0 2 0
12 Pycnocentrodes aeris 7 35 16 41 6 64 19 23
13 Olinga feredayi 0 2 0 0 3 0 0 3
14 Helicopsyche poutini 10 1 41 83 14 12 16 44
15 Confluens hamiltoni 0 0 0 0 0
16 Hudsonema amabile 0 0 0 0 0 0 0
Diptera
17 Aphrophila neozelandica 0 0 0 0 0 0 0 0
18  Austrosimulium spp. 0 0 0 0 0 0 1 0
19 Orthocladiinae A 0 2 0 0 0 0 0 0
20 Orthocladiinae B 0 0 0 1 0 2 2 3
21 Orthocladiinae C 0 0 0 0 0 0 0 0
22 Orthocladiinae E 0 0 0 0 0 0 1 1
23 Chironominae A 0 0 0 0 0 0 0 0
24 Chironominae B 0 0 0 0 0 0 0 0
25 Tanypodinae A 0 0 0 0 0 0 0 0
26 Maoridiamesa spp. 0 0 0 0 1 1 0 0
Coleoptera
27 Elmidae Hydora spp. 0 0 0 0 0 0 0 0
28 Hydraenidae 0 0 0 0 0 0 0
Mollusca
29 Potamopyrgus antipodarum 15 6 19 33 4 0
30 Physa spp. 0 0 0 0 0
Other
31 Paracalliope spp. 0 2 1 0 0 0 1 2
32 Platyhelminthes 39 4 58 64 77 16 19 19
33 Oligochaeta 7 4 2 8 0
34  Archichaulioides diversis 3 0 0 0
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Appendix 6: Reprint of co-authored paper in New Zealand Journal of Ecology.

Collier, K. J., B. Aldridge, B. J. Hicks, J. Kelly, A. Macdonald, B. J. Smith, and J. Tonkin. 2009.
Ecological values of Hamilton urban streams (North Island, New Zealand): constraints
and opportunities for restoration. New Zealand Journal of Ecology 33:177-189.
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Ahbstract: Urban streams globally are characterised by degraded habitat conditions and low aquatic biodiversity, but are
increasingly becoming the focus of restoration activities. We investigated habitat quality, scological function, and fish
and macroinvenchrate community composition of gully streams in Hamilton City, Mew Zealand, and compared these
with a selection of periurban sites surrounded by rural land. A similar complement of fish species was found at urban
and periurban sites, including two threatened species, with only one introduced fish widespreed (Gambusia affinix).
Stream macroinvertebrate community metrics indicated low ecological condition at most urban and periurban sites,
but highlighted the presence of one high velue urban site with a fauna dominated by sensitive taxa. Light-trapping
around secpages in city gullies revealed the presence of several caddisfly species normally associsted with native
forest, suggesting that scepage habitats can provide important refugia for some aguatic insects in urban environments.
Qualitative measures of stream habitat were not significantly different between urben and periurban sites, but urban
streams had significantly lower hydraulic function and higher biogeochemical function than periurban streams.
These functional differences are thought to refiect, respectively, (1) the combined effects of channel modification and
stormwater hydrology, and (2) the influence of riperian vegetation providing shade and enhancing habitat in streams.
Significant relationships between some maecroinvertebrate community metrics and riparian vegetation buffering and
bank protection suggest that riparian enhencement may have beneficial ecological outcomes in some urban streams,
Other actions that may contribute to urban stream restoration goals include an integrated catchment approach to
resolving fish pessage issues, ective reintroduction of wood to streams to enhance cover and habitat heterogenaity,
and seeding of depauperate streams with native migratory fish to help initiate natural recolonisation.

Keywnords: biodiversity; fish; functional value; impervious surface; invertebrates; seepage

Introduction

Lrbenisation hes homogenised otherwise heterogencous
physical environments, and replaced often diverse
native flora and fauna with a variety of common urban-
adaptzd species dominated by exotic taxa (Mckinney
2005). Recently, interest hes accelerated in ecological
restoration of urban areas given that cities ere where
maost people interact with native biodiversity most often.
For wrban streams, however, ecological rehabilitation
can be problematic because of the overiding influence
of stormwater on streem ecology (Bernhard: & Palmer

2007). Stream channels in cities are typically used o
comvey stormwater out of the urban environment as rapidly
and efficiently as possible to aveid flooding end eroston,
and catchments with impervious area as low as 10% can
have significantly impaired aguatic macroinvertchrate
communities {Walsh 2004). Indeed, the term *urban
stream syndrome’ hes been coined to describe the state
of ecological degradation consistently observed in urban
streams (Meyer et al. 2005).

Because stormwater enters streams directly via
pipes, rather than naturelly mmugh overland flow and
subsurface drainage, it significantly alters the hydrology

New Zealand Journal af Ecology (2000) 23¢2): 177-189 &New Zealand Ecological Saciety
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of urben streams leading to more frequent flands, rapidly
changing hydrogrephs. and higher peek flows (Walsh et
al. 2005a). The erosive forces generated by this eltered
hydmology can cause channel incision and bank erosion,
elevating fine sediment levels and resulting in increased
water turbidity and smaothering of streembed habitats
{Chin 2006). Stormwater flushes can also increase water
temperateres significantly and elevate concentrations of
nutrients end a wide range of contaminents in streems
(Walsh et al. 2005a). The desire for hydreulic efficiency
has led to the piping or reconfiguration of many stream
channels, and the reinforcement of stream banks and beds.
In eddition, stream channels ere often cleared of aquatic
plants and wood, and vegetation in riparian erees may be
controlled to facilitate the rapid movement of food waters
downstream. All these changes alter ecosystem function
and influence the compaosition of biological communities
in urban streams that ere typicelly chamcterised by low
diversity, fow sensitive species and dominance by tolerant
taxa (Meyer et el. 2005),

Roy etal. {2006) proposed that stream restoration in
urban catchments should focus on the catchment drainage
system rather then instream or riparian habitst, Improved
drainage design can reduce the proportion of impervious
area directly connected to streems through stormwater
pipes by meximising runoff’ detention, infiltration and
off-channel retention of water { Taylor et al. 2004; Walsh
2004; Walsh etal. 2005b). Appropriate technology can be
implemented withrelative case in meny new developments,
but there are obvious difficulties and costs essociated
with retrospectively disconnecting stormwater systems to
reduce effective impervious ares in existing urben areas.
Current atternpis to restore natural vegetation sequences
and foster native terrestrial biodiversity in the gullies
of Hamilton City, New Zealand, have highlighted the
potential to link terrestrial restoration with the protection
and enhancement of aguatic values. In this paper we
(1) compare selected atmibutes of wrban streams (fish
distribution, macroinvertebrate communities, hebitat, end
hiogeochemical and hydrenlic function) with periurban
sites on the outskirts of Hamilton City, and (2) explore
environmentel factors associated with Bguatic specics”
distribution in this wrben environment. Besed on the
results of thiswork and other published smdies, we discuss
potential constraints and opportunities for urhan stream
restoration in Hamilton City.

Study area

Hemilton is New Zealand's seventh most populous city,
with 185 000 inhebitants (20035 figures, www.stats govt,
nz). The Weikato River bisects the city, where its median
discharge is 254 m® 57 (Environment Waikato, unpubl.,
data). Around 15 (00 years ago, the river entered & period
of downcutting, and &s it deepened springs were exposed
along the henks, These springs gradually undermined the
riverbanks, snd in a process known as spring sepping
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caused erosion of adjecent underfying sand, silt, peat
and grevel, cventually creating gully streams that now
flow through the city into the Waikatn River {MeCraw
2000). There are four major gully systems in Hamilton
City { Kirikiriroa, Mangakotukutuku, Te Awa o Katapaki,
and Waitewhiriwhirl) with numerous minor systems
(Fig. 1), collzctively occupying around 750 he or 8% of
the city area (Downs et al. 20007, Gully floor vegetation
is frequently dominated by the deciduous exotic grey
willow {Salix cinerea L.), though beneath this can be an
understorey of indigenous plants including ground ferns,
mehoe (Melicyrus ramifforus 1R Forst. & G.Forst.) end
cabbege trees (Cordyline australis (G.Forst. )Endl. ).

Hamilton City gullics accommodete sround 120
km of stream distinguished at the [:50 000 mapping
scale (Environment Waikato, unpubl. datm). In addition,
there is an unknown length of unmapped small stream
channels, some of which now flow in pipes, 25 well as
meny springs and seepages. The larger streams originate
in low-gradient egricultural cetchments on the outskins of
the city, although some smaller streams have catchments
that are entirely urbanised. In esteblished urhan areas,
most impervious lend appears to be highly connected to
the stormwater network, which pipes stormflows directly
into streams. The percentage of upstream catchment area
with impervious surfaces can range from <5% forstreams
with most of their catchment still in rurel land, to around
T0% 1n some industrial suburbs { Environment Waikato,
unpubl, data).

Methods

Study sites
A total of 56 sites wes included in this study, comprising
28 urban streams, 19 periurban streams, and 9 urban
seepages {Appendix I; Fig. 1) Urban sites had residential
or industrial development adjacent to them, although
typicaily it did not extend to the streem edge due to
the presence of parks and gullizs. Periurban sites were
surrounded by rural land (mostly farms end lifestyle
blocks) at the time of sampling; rural land use dominated
upstream catchments, although some periurban sites had
residential development within their catchments (e.g.
51, 52). Of the streams sampled, 40 were assessed for
fish occurrence, 33 for siream invertebrete community
composition and habitet quality, and 28 for bingeochemical
and hydraulic function. The scepages were sampled for
adult caddisflics (Trichoptera) only. Fish, invertebrates
and functional values were all assessed at 22 sites, and
fish sampling only wes conductzd at 12 sites. Stream
sampling reach lengths were S0-100 m, with gll anrtbutes
measured in the same reach unless otherwise indicated
(see Appendix 1; Fig. 1).

Channel widths ranged from 0.4 to 7 m but were
similar on average at urban and perturban sites {Table 1).
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Tahle 1. Physicochemical attributes of sampling sites in urban (a=28) and periurban (a= 19) Hamilion City. Single measuremants
wara made per site during daylight howrs in 2008-2007 (Environment Waikato, unpubl. data).

Urban Periurban
Mean 2E Min Mlax Mlean SE blin hax
Active channel width (m) 1.9 02 0 5.0 24 0.4 0.3 7.0
Sand/ailviclay (%) 715 a6 10.0 1000 B4.5 5.2 1o.0 1o0.0
Giravel-cobble (%) 269 43 00 Q0.0 124 i3 0.0 0.0
Water temperature (*C) 18.0 04 153 240 186 0.4 i6.2 128
Drissalved oxygen (%) 4 27 480 104.4 TE.1 50 430 1222
Diissalved axygen (mg L™') 10.2 26 47 To4 73 0.2 4.1 1.0
pH 73 0.1 G TR 7.0 0.1 6.4 i
Conductivity {pS em™ & 24°C) 198.8 201 251 67340 210.6 0.3 1233 3021
gravel/cobble substrates in urban streams. Measured spot
water temperetures did not exceed 24%C, and dissolved
oxygen seturation was similar in urban and periurban
H".-g.m streams (means = 80 and 78%, respectively), although
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Figure 1. Map of sampling sites showing boundaries of the
city and major catchiments. * = fish and invertebrate sampling
gites =100 m apart, See Appendix | for further details,

Thepercentage of fine substrates(sand, silt end clay jon the
streambed was high at all sites (=70%), but significantly
greater in periurben streams {Mann—Whitney U= 358,
d.f. =1, P < 0.05). This difference most likely reflected
the higher gradient of urben streams as they approach
the ‘Walkato River, and the introduction of rocks to
stabilise bank erosion which presumably contributed to
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low oxygen concentrations (<3 mg/L} were measured &t
some sites ( Table 1). pH was cireumneutral in both urban
and periurban stregms, but conductivity was significantly
higher st periurban sites (' = 382, df = 1, P=<0.05),
potentially reflecting enrichment from agricultural
development.

Fish

Fish were collected at 24 urban and 16 periurban sites
between December 2005 and March 2006 {Appendix 1;
Fig. 1). Five Gee minnow traps {5-mm mesh) were set
at each site, and a fyke net (25-mm mesh) was also szt if
the water was decper than ebout | m (13 sites; Appendix
1}. A perforated container of cat biscuits was attached
within cach trep and net s an attractant. Streams with
sufficiently cleer water {n = 13) were also spotlighted
at night, and 10 shallow sites with suitable eccess were
electric fished vsing 8 backpack elzctrofishing machine
(EMF 300, NIWA Instrument Systems, Christchurch).
Threemethods(minnow trepsor fykenets, electric fishing
and spotlighting) were conducted together at eight sites
{Appendix 1},

Macroinvertebrates

Of the 35 stream sites sampled for invenchrates, 25
were surrounded by wrban development, and 10 were
in periurhan settings (Appendix 1; Fig. 1). Stream
mecroinvertebrates were collected from stable hahitats
in flowing water using a D-frame net (0.3-mm mesh)
betwsen December 2005 end Jenuary 2006 (see Collier
& Kelly 2005). Collection invelved kicking loose
gravel-cobble substrete in front of the net, hand-brushing
embedded substrete elements end wood, and jabbing
the net in among mecrophytes and along stream edges
with a similar emount of cffort at all sites. The resulting
samples were preserved in c. 70% isopropanol, and were
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later processed by identifying et leest 200 invertebrates
(excluding pupee) from randomly selected subsamples,
followed by a sesrch for unrecordsd taxa in the rest of
cach sample. Subsampling wes achicved by dividing the
processing tray into & grid and randomly selecting one
cell for processing; edditional cells were edded until the
desired numhber of macroinvertehretes was obtained with
all enimals in the final cefl being removed. This process
yielded an averzge of 213 individuzls per site, with anby
one semple (G} not reaching 200 individuals,

ldentificetions were based on Winterbourn et al.
{2000) {insects), Winterbourn (1973) (molluscs), and
Chepman & Lewis (1976) (crustaceans). The level of
taxonomic resolution was genera for most insects and
maolluses, and ranged from family to phylum for other
groups, as recommended by Stark etal. (2001 ) for stream
environmentel monitoring in New Zealand. The total
number of taxa, and the number of taxe and percentage
abundance of sensitive Ephemeroptera, Plecoptera,
and Trichoptera excluding Hydroptilidae {denoted as
EPT*}, were calculated from the macromvertebrate data.
Hydroptilidae was excluded because some species can
proliferate among growths of filementous slgee, which
are often typicel of degraded conditions. In addition,
the Macroinvertebrate Commumity Index (MCI) was
celculated g5 described in Sterk etal, (2001), and the Urban
Community Index{LC1), which may bes more appropriate
index for discriminating ecological conditions emong
streams that lacked sensitive species but were impacted
bry urban development, was calculated fol lowing Suren et
al. {1998, unpubl. report) and Boothroyd & Sterk (2004},
The UCI uses Canonical Correspondence scores for taxa
from anationwide urban stream survey s tolerance values
to weight species occurrence. These weighted values are
then aggregated to provide the UCL It was necessary to
combine taxa belonging o Zepilehia and Neozephiehia,
and Orthepsyche and Aateapsyche, because not all mxa
found in the present study were part of the original UCI
dataset. Higher EFT*, MCl and UCl scores indicate better
ccological condition.

Adult Trichoptera

Litraviolet lighttraps were used to attrect adult Trichoptera
around secpages ot three urban sites in each of the
Mengakotukutukn, Kirikiriroa, and Waitewhiriwhiri
catchments (total of nine sites). These cetchments
represented a gradient of urbanisation intensity, with the
Mengakotukutuku having a significant proportion of its
catchment outside the city, Waitawhiriwhin with a high
level of industrial land, end Kirikirinoa intermediate
and cheracterised by more recent high density urban
development. Esch light trap consisted of a low power
(6 W) model F6TS blacklight fluorescent tube laid overa
white dish (38 = 27 = f cm). The dish was helf-filled with
water into which & few drops of detergent had been mixed
tobreak the watersurface tension. The lights were powered
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by 12-volt batteries run from timing units that enabled
all lights to be turned on and off, simultaneously. Light
traps were st to run from 2100 to 2300 hours and 0200 to
0300 hours et zll sites on the same night cach month from
Movember 206 to January 2007. Samples were preserved
in isopropenol and Trichoptera were later identified under
a hinocular microscope using Meboiss (1986) and Smith
& Werd (unpubl. key to edult Trichoptera).

Hahitat assessment

Hahitat essessments were made at all sites where stream
invertehrates were collected (Appendix 1), using the
method described by Collier & Kelly (2005). This
procedure provides an integrative score for niparian, bank,
channel and instream conditions by visuelly eveluating
nine atiributes on a scele of 1 {lowest habitat value) o
20 (highest hehbitat value), with possible total scores
ranging from 9 to 180 {see Results Fig. 5 for component
attributes). Riparien zone buffering refers to the buffering
from the adjecent land use provided by riparian vegetation;
for example, grass next to & city stream would provide
buffering from wrban land, but it would not provide
buffering from egriculture.

Stream Ecological Valuation (SEV)

Hydraulic end biogeochemicel components of the SEV
methodology (see Rowe et al. 2008, in press) were
assessed at five periurban and 23 urben sites (Appendix
I; Fig. 1). Hydreulic functions included netural flow
regime, connectivity to flondplain, comnectivity for
specics migrations, and connectivity to groundwater,
Biogeochemicel functions included water temperature
control, dissolved oxygen concentretions, arganic matter
imput, instream particle retention, decontaminetion of
pollutants, and floodplain particle retention. The SEV
methodology tnvolves measuring (2t 10 cross-sections)
ar scoring (visully along the sampling reach) selected
attributes, end then integrating them using algorithms
that express the ability of the stream to perform cerain
ecological functions. Algorithms were developed by an
expert pane! and were tested on a range of urban streams
in Auckland City (Rowe etel. 2008, in press). The outputs
from these algorithms were aggregated relative to native
forest reference conditions to provide an overall score for
each function witha potentiel velue between @ and 1, with
higherscores indicating greater similarity ta the reference
condition. The reference site used for this purpose was
the closest native forest stream, located in the Hekarimats
Ranges 11 km to the north-west of Hemilton City (NF in
Quinnetel. 1997). Deteils of the field methodology forthe
SEV components are provided in Rowe et al. (2008}

Statistical analysis

Mon-peremetric tests were used for all statistical
analyses because of the skewed nature of most of the
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data Differences betwesn wrban and periurban sites
for mecroinvertebrate metrics, habitat scores, and SEV
bingeochemical and hydrenlic functions were assessed
using Mann—Whitney L' tests, wherees differences
among urban catchment groupings (Kirikiriroa,
Mengakotukutuku, other catchments combined) were
assessed using Kruskal-Wallis tests. Relationships
between macroinvertebrate metrics and habitat and SEV
scores were explored using Speerman rank correlations.
Fish catch dats were not analysed statistically because
various levels of effort were used at different sites
depending on hebitat cheracteristics.

Results

Distribution of hsh

With the exception of juvenile galaxiids and torrentfish,
a similar complement of fish species was found in
urban and periurhan settings (Fig. 2). Altogether, eight
species of native fish and four species of introduced fish
were caught in and eround Hemilton City. The native
feuna comprised the shortfin cel (dnguills awsrralis
Richardson 1848), the longfin eel (4. dizffenbachii
Gray 1842), banded kfkopu | Galaxias fasciatus Gray
1842), giant kikopu (G argenteus (Gmelin 1789)),
inanga (G, maculams (lemyns 1842)), common smelt
(Retropinna retropinna (Richerdson 1848)), commaon
bully (Gobiomorpiur cotidianus McDowall 1975), and
torrentfish (Cheimarrichihys fosteri Hasst 1374). The
latter was only found in a fast-flowing, stony section of
one urban stream. The introduced koi carp (Ceprinus
carpio Linneeus 1758), gambosie (Gombusio affinis
{Baird & Girard 1854)), catfish { Amiewrus nebulosus Le
Speur 1819) end indeterminate trout were elso caught
in Hemilton urban streams. However, only gambusia,
which was found at over a querter of the sites sempled,
was widespread (Fig. 2). Shortfin ecl (61% of sites) and
longfin eel (34%) were the most widespread species
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collected. Smelt, banded kkopu, giant kikopu and
unidentified whitebait (juvenile Galaxiidae) were found
at 26 sites within the city (Fig. 2). Catfish were found
at only one periurban site, although they have been seen
subsequently within the city in Waitawhirtwhiri Stream
(JK, pers. obs.).

Stream macroinvertebrates

Macroimvertehrate communities of Hamilton's urban
streams were dominated by tolerant species including
Fotamopyrgus antipodarum (3 1% of numbers across all
urbansites |, (Migochaeta {26%) and Chironomidae (21%).
The freshweter crayfish/'kdura { Paranephnops planifions)
was not caught in traps or nets at eny site but wes found at
two urban and two periurben sites during electric fishing
(Fig. 2). Median numbers of macroinvertebrate taxa per
sample (taxe richness) and sensitive EPT* taxa were
similar at urben and periurban sites {Fig. 34, B). The
typical urban and periurban site supported low %EFT*
{madian 2% Fig. 3C), although there was considerable
veriability emong sites, especially in EPT* taxa richness,
The Mengakomwkutuky samples included one urban site
{withepredominantly gravel streambed ) end one periurban
site{charecterised by soft bed sediments and willow roats)
that had particulerly diverse or abundant EPT feunas
reletive to other sites. Statistical comparisons of metrics
indicated no significant difference between urban end
periurban sites (L'= 91 for both EPT* metries, d.f. = 1,
F={.05), burwithin the urban sites EPT* taxa richnesswas
significantly higher in the Mangekotukutuky catchment
(Kruskal-Wallis H=9.1,df. =2 P<0.05),

Median MCI values forsite groupings renged from 68
to 74 at the periurban and urban sites (Fig. 30 end renges
were indicative of poor to good stream quality {Wright-
Stow & Winterbourn 2003}, UCL values were more
variable for urban than periurban streams {Fig. 3Ejand no
statistically significant differences were detected foreither
index between the two groups of sites (Mann—Whitney
L= 63 end 84, respectively, d.f. = 1, P = 0.05) {Fig. 3);

Figure 2. Number of sites where
different fish speciesand freshwater
crayfish (kdura) were caught
during a survey of 24 urban and 16
periwrban sream sites i and around
Hamilon Clty. Whitebait includes
all unidentified juvenile galaxiids
and trout were notl identified 10
species. ® = introduced spacies

Vi i/ il Ll

229



182 MEW ZEALAND JOURNAL OF ECOLOGY, VOL. 33, MO, 2, 2000

25 {EI_} T T " q I:b:l T Fji‘gune 3..BnupI|:L[siIIustmu’:lg:.&,[qulull-uumhis
I b of macroinvertebrate taxa {taxa richness); B,
ﬁ | 1l 2 7F E the number of Ephemeroptera, Plecopiera
E 20 £ L R and Teichoptera (exeluding Hydreopuilidae)
g o A i taxa (EPT* raxa richness); C, percentage
m 15[ 1 E 5. EPT® abundance; D, the Macroinvertebrate
- = i Commuiity ladex (MCI); and E, the Urban
= I | & ar T Community Index {UCT) in perivrban (o =) and
iy a F . urban (n = 2% sites. Horizonts] lines = madian:
1 E box = intenquartile range; crosses and circles =
5 1 m outliers and extrems outliers, respectively.
T T 100 T
[(©) > ] "M@ _
B0
5 B T anr ]
b 12| -
= T T TOr ]
aat l i .
- '3 - L <)
50
= S S e
Perivurban  Lirban
(e)
[+
1o i
g
=
D I $ 1

10 Periurban Urban

however, there werz differenoes between urban catchments
(H=E81 df =2, P=<0.05)with UC]lscores being highes:
in the Mengakomkutuku.

Adult Trichoptera faunas

Inall, 1710 adult Trichoptera representing seven families
and 23 species were collected in light traps around urban
scepages (sec Smith (2007 ) for species list). This contrests
withonly three trichopteran texe found in larval eollections
from streems near the light-trapping sites, and 10 larval
taxa found ecross all stream mecroinvertebrate sempling
sites. Hydrobiosidae, represented by three genera and six
specics, was the most diverse family caught in light traps.
Richness of adults {mean number of species per site ) was
greatest for the Mangakotukutuky Stream (13 species),
followed by the more developed Kirkiriroa catchment
(11 species), and the highly developed ‘Weitewhiriwhin
catchment (6 species). The caddisfly cateh included
one previously undescribed species, the microceddistiy
Oxvethira kivikiriroa ( Smith 2008}, which wes one of five
species caught onby at the Kirikiriroa seepages. The other
four were doteapspche colonica, Hydrobiosis budger,
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H. umbripennis and Pycnocentria finenea. Pycnocentrodes
aeris was only caught adjacent to Waitawhiriwhiri
scepages, whereas Orrhapsyche thamas was only recorded
from light traps set in the Mangakotukutuku seepages. OF
the Trichopteraspeciescollected, Edpercivalio thomasoni,
2 thomasi, Triplectiding moselyi and Preudoeconesus
bistirpis are generally considered obligate forest species,
and elong with Palyplecrapus altera and P aurifisca
indicate the presence of seepages or small stream habitats
{B. Smith, unpubl. date).

Kirikiriroa light trap samples contained the grestest
number of adult agustic insects {1210), whereas the
Weitawhiriwhiri and Mengakowkutuko traps produced
similarnumbers ofindividuals (260 and 240, respectively).
Ovwer half the species caught were represented by
five or fewer individuals. Adults of the net-spinning
Hydropsychidae (mainly Aotegpsvche winterbourni)
were the most commaonly caught, comprising 66% of wtal
numbers. Hy sychidae domineted adult Trichopiera
catches at the Kirtkiriros and Waitawhirrwhin sites, but
relative sbundances were similar eeross five families at the
Mangakotukutuku sites (Fig. 4). Overall, the six species
indicative of netive forest seepages and small streams
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represented 4.5%, 17.7% and 40.0% of total numbers in
the Kirikiriroa, Weitawhiriwhin and Mangakotukutuku
sites, respectively. The relative abundance of trichopteran
femilies did not appear to be directly related to degree of
catchment development, elthough they were mare evenly
represented in the least developed catchment (Fig. 4

Habitat

Riparian vegetation tyvpically provided greater buffering
from adjacent land use st urban than periurban sites (Fig.
34), although variability within periurban sites was high,
reflecting the occasionel presence of willows and other
trees thet buffered streams from adjecent agricultural
land. Nevertheless, median values for vegetative bank
protection and bank stability were similar (7-%and 11-12,
respectively; Fig. 5B, C), as werz other habitat components
and the total scares (Fig. SD-H). Within the urban sites
(Le. excluding periurban sites), totel hebitt score was
significantly correlated with %EPT™ (r,=0.44, & <{.05,
# =125}, and riparien buffering was correlated with EPT®
taxa richness ir, =054, P <001} and %EPT= (r,=10.4%,
P < 0.05). Sumilarly, MCl was significantly correlated with
riparian buffering (r, = 0.48, £ < (0.05}, and with degree
of channel alteration (r, = 0,44, P < 0.05). The LUCl was
significantly correlated with vegetative bank protection
(r, =046, F < 0.05). Collectively, these relationships infer
a positive essociation between the extent end vigour of
riparian buffer zones, channel integrity, and the condition
of macroinverichrate communities in urban streams.

Hydraulic and biogeochemical components of the
SEV

Stream Ercological Yaluation analysis indicated that the
median hydreulic function score was (.78 for periurban
sites and (.72 for urban sites reletive to the netive forest
reference condition, whereas biogeochemicel function
scores were (.58 end 0.73, respectively (Fig. 6). Urban
sites had significantly lower hydraulic function (L'= 94,
d.f. =1, P=0.05) end higher hingeochemical function
(Lf=26, df. = I, P=0.05) than periurban sites {Fig.
). However, significant differences were not observed
within urban catchments (4 = 0.6 and (L8 for hydraulic
and biogeochemicel function, respectively; d.f = 2,
P> 0.05). These finctional values were not significantly
comrelated with any of the invertebrate metrics evaluated
for urban sites.

Discussion

Lrban stream values

Despite the well-documented effects of stormweter runoff,
urban streams in Hamilton City eppear to provide similar
overall hebitat quality to periurben streams and support a
similar range of fish species. Indeed, two of the species
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Figure 6. Box plot illustrating: A, hydraolic function; and
B, biogeochamical function for periurban (p = §) and wrban
{m = 23) sites following Rowe et al (2008). Each function is
expreised asa ratio ofthat measured ata native forest reference
site, with higher scores indicating greater similarity to the
reference condition. Conventions as in Fig 3.

recorded in city streams, longfin eel and giant kikopu,
are considered threatened and ere in gradual decline
{Hitchmough Z005). Some native fish species mev be
able to persist in urbenised catchments because of the
availability of cover to provide refugiz from stormwater
Hows. For exsmple, giant kikopu are often found
associated with overhenging riparien vegetation end
instream cover such as that provided by accumulations
of wood end undercut benks { Bonnett et al. 2002; Baker
& Smith 2007), and banded kikopu prefer small streams
with abundant cover{ Rowe & Smith 2003, The ability of
several galaxiid specics to acquire significant proportions
of their nutrition from terrestrial insects that fall into
streams (e.g. Hicks 1997) may enshle some species o
survive in urban environments with depauperate instream
food supplics.

The mecroinvertebrate communities of most
streams in Hamilton City were generally comparable
with urben settings clsewhere in being domineted by
taxa that are tolerent of moderately poor water quality
and habitat conditions (Blakely & Harding 2003; Suren
& McMurtrie 2005; Walsh et al. 28015a). Communities
in most periurban streams were elso characterised
by tolerant taxe, suggesting that upstream land use
could partly influence the composition of communities
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ocourring in downstream urban settings, although direct
comperisons were complicated by physicochemical
differences between periurban and urhan sites (Table
1. Neventheless, macroinverichrate communitics at one
urban site with 2 low level of upstream development on the
Mengakotukutuky Stream formed a clear outlier in terms
ofmacroinvertebrete metrics, highlightingthatbroad-scale
ccological knowledge is required to identify high-value
sites that persist within urben environments.

Secpage habitats that are disconnected from the
stormwaternetwork herboured around 30% of the caddistiy
diversity known from Hamilton City {B15, unpubl. daza),
underscoring the role these often small and averlooked
habitats can play in maintainingurben biodiversity values.
A combination of soft benthic sediments, shade offered by
low-growing riparian gresses, and emple food resources
(teaves and small sticks) may enable ceddisfly species
typical of forested settings to persist in urban seepages. The
retention of vegetated gully systemns throughout Hamilton
City seems to have protected many secpege habitsts as
part of the ripanen complex. Our results suggest that
local aquetic biodiversity may be higher where extensive
vegetated riparian arcas snd natural groundwater fows
interect than where development and dreinage ocour to
the stream edge.

Constraints to urban stream restoration

Hydrauliz functions such as maintenance of a netural flow
regime and retention of connectivity to the floodplain
appear to be constrained in urban settings, most likely
reflecting the combined effects of chennel modification
and stormwater hydrology. In contrast, biogeochemical
function was enhanced in urban streams relstive to
periurban environments because riperien wegetation
provided shade, potential food supplics and habitat in
gully streems. Hydrology also appeared to constrain the
diversity of urban stream macroinvertebrate communities,
which showed e marked decline in the richness of sensitive
macroinvertchrate texa when upstream impervious arca
exceeded sround 10% (KJC, unpubl. deta), consistent
with the findings of Waish {2004} who concluded that
fectors mssociated with stormwater connection limit
the ecological potential of stream macroinvertebrate
communitics in urban settings. As well as stormwater
effects, iron deposition and associeted bacterisl growths
are extensive inseveral of Hemilton “surban streams (KJC,
pers. obs.), reflecting inputs of iron-rich groundwater,
Growths associated with such inputs are known to limit
streem macroinvertebrate communities (Wellnitz et el
1990},

Freshwater crayfish are rarely encountered in
Hemilton streems, although they can be common and
achieve relatively high biomass in nearby pesture streams
(Pericyn et al. 2002). Similarly, the migratory shrimp
Paratya curvimstris was notehly absent fromurban stream
samples obtained as pan of this study, despite shrimps
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heving been seen in 2 Mangakotukutuky tributary with
low upstream impervious area (BMTAA, pers. obs.) end
in the nearby Waiketo River. The reason for the poor
representation of large Crustaces in urban streams is
unclear, but it may partly relate to high susceptibility to
contamingnts carried in stormraater and accumulating on
sediments where they live {crayfish) or feed (shrimp),
ar barriers to the movement of migretory shrimps (e.g.
Resh 2005).

Assessment of the severity of passage impedance to
upstream migrating fish a1 45 road crossings in Hamilton
City indicated that 42% of culverts were likely to prevent
upstream pessage at most flows or low Hows (Aldridge
& Hicks 2006). The frequency of passage restrictions in
urban streams reflects the high density of ropding and
suggests that culverts have the potential to be major
modifiers of the distribution of native diadromous fish
(and shrimps where other conditions allow) in citics.
Thus, impediments to pessage need to be sddressed
before physicel habitat restoration to ensure the [ong-term
sustainability of migratory populations. An imporiant
fector when considering culvert remediation work is the
potential risk of enhancing access for troublesome exotic
species, such as koi carp and catfish, which our survey
indicated were not currently widespread in Hamilton
City streams. Work in Chrisichurch urban streems has
suggested that road culverts could also act as partial
bariers to wpstream flight of insccts, with potential
conseguences for larval recruitment in restored sections
of stream (Blakely et al. 2006).

Opportunities for urban stream restaration

Akey forerunner to establishing restoration prionties is the
identification and protection of existing high-value sites
s0 they do not become further degraded. As demonstrated
in our study, high-velue aquatic sites can persist within
cities despite the veried effects of urbanisation on water
quality, fish pessage, habitat, and hydrology. Secpage
hehitats were associated with high biodiversity of adult
caddisflies, and likely slso harbour a range of other
wetland species. For example, the giant bush dragonfly
Urapetela carovei, occasionally seen around Hamilton
City, spends 5—6 yeers living in wetland burmows (Rowe
1987). Similarly, streams with low stormwater connectivity
may herbour comparetively healthy macroinvenchrmate
communities and warrent protection toensure these values
are retained. Given these potential sources of colonists
present within Hamilton City, connectivity is unlikely
to be a concern for stream inseck recolonisation, as in
Christchurch for example (Suren & McMurtrie 2005).
These findings underscore the importance of maintaining
the disconnection from stormwater of high-value streams
and secpeges in urban environments end ereas proposed
for development,

Our results point to 2 positive association between
riparian buffering and macroinvertebrate metrics,
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suggesting that riperien planting may enhance the
distribution and abundance of some moderately sensitive
taxa in wrhen streams. Furthermore, riparien planting
may cnhance some of the biogeochemical functions
of urban streams, such as water temperature regulation
through shading, and by promoting organic matter inputs
and particle retention. It hes also been supgested that
improving instream habitat quality, for example through
riparian plenting, may reduce the abundance of some
nuisance introduced species such es gembusia (Ling
2004}). However, development of riparian shede can
decrease grass growth on streembanks and destabilise
deposited sediments, leading to channel widening as a
shaded-chennel morphology re-esteblishes  Devies-Colley
1997; Collier et al. 2001). This phenomenon hes been
documented in small Waikato pasture streams, but itis not
clesr to what extent it would occur along urban streams
following riparizn planting beceuse altered hydrology due
to stormwater runoff is likely to modify the process.

The development of riparien forest is elso likely to
lead to natural recruitment of large wood to strems in
due course. Large, siable picces of wood in the stream
channel are increasingly being recognised for theirrole in
creating more diverse instream habitets, providing cover
for fish, and serving as a substrate for macroinvertehrates
where bed sediments are unsteble | Hildebrand etal, 1 998;
Collier & Halliday 2000; Gerhard & Reich 2000; Bonnett
et al. 2002). Steble wood in channels and rigid riparian
plant stems can impede water flow during floods, thereby
reducing hydraulic stress on instream biota and leading
to lower but extended flood pesks and longer periods
of localised flooding (Collier et el. 1995). This may
benefit species such as ezls, which sre known to follow
rising water levels during floods, ellowing them to use
inundated arcas as supplementary feeding habitst { Jowstt
& Richardson 1994). However, the timescale required
tr achieve natural wood recruitment from native trees is
constdereble (Meleason & Hall 2005). This time factor,
coupled with the need toprotect downstream infrastructure
and property, suggests that managed introductions would
be required if large wood were to be used as a habita
restoretion option in urban streams.

Restoration goels for urban streams mey differ for
macroinvertebrate end native fish communities because
of their spparently different susceptibilities to stormwater
inputs. Although some native fish specics appear to be
restlient to urban development, it is difficult to restore the
natural structure of fish communities at urben sites because
afthe varied combinetion of local and downstream factors
thatregulate fish distribution and abundance. Thus, mther
than striving for natural fish community structure, a more
attsinzhle goel mey be to enhance the distribution and
abundance of iconic native species (e.g. large galexiids)
by identifying the specific espects of their habitet and
biology that constrain populetions, Recent work in
Hemilton urben streems has highlighted the potential for
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actively introducing nafve farm-reared giant kikopu into
sites where natural recruitment mey be limited (Aldridge
2008). These farm-reared giant kikopu grew repidly (up
ta (.11 g per dey} in urban streams, and some remained at
release sites for up to 11 months. Some juvenile gelexiids
also respond positively to specific concentrations of adult
pheromaones releaszd into the weter b fish in established
populations (Baker & Hicks 2003}, end are thought to
attrect juvenile fish to suitable adult habitat. Thus, where
desired species are absent or population numbers are very
low, active reintroductions of fish to physically suitable
sites mey be needed to ensure new recruits are atiracted
to restored streams 5o that the long-term sustainehility of
populations can be meintsined.

Conclusions

Thisstudyillustrates that some urban streams and seepages
can provide important habitst for a range of native
fish end invertchrate species in city environments, end
underscores the importance of identifying and protecting
existing ecological velues to evoid degradstion from
future development. The potential for rejuvenation of
mecTrinvertcbrate communities Sppears to be constrained
at highly developed sites due to factors primarily
associated with stormwater inputs. However, riparian
vegetstion may help enhance community strecture along
with biogeochemical function in some streams draining
less intensively urbanised cetchments. Due to the veried
range of locel end downstream factors (e.g. passage for
migratimg species)that can influence native fish community
compaosition, restoration goals for fish in urban streams
may he best focused an centain flagship species (=g, giant
kikopu) and key constraints to long-term population
wvighility {e.g. barriers to migration). While this may not
constitute ‘restoretion” in the literal sense of returning &
stream and its biotic assemblages to a previous condition,
it would nevertheless make en important contribution 1o
urben biodiversity and conservation of threatened species.
Actions potentially contributing to urban stream restoration
goals include (1) an integrated catchment approach to
resolving pessage issues, (2) planting of riparian areas
with tree specics that provide overhanging vegetation and
improved benk stability, (3) active reintroduction of wood
to streams to enhance cover and hebitat heterogeneity,
and (4) seeding of depauperate streams with native fish
ta help initiate natural recolonisation.
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Appendix 1. Locations and tvpes of samples
collected at Hamilton urban and periurban sites.
* fish and Inverebrate sampling sites more than
100 mapart, M, minnow trapping: 5, spotlighting:
E, electric fishing; F, fyke netting; + invertebrates
and habitat assessed or SEV (Stream Ecosystem
Valuation) conducted; A, adult ingect sarmpling.
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ABSTRACT

Composition and structure of lofic ecosystems can be affected by substrate instability. Consequendy stream ecologists have used varous
methods o determine bod stability characteristics Howewver, the link between community composition and thesse measurements varies
hecause benthic hiota ofien responds to combinations of bed stahility characteristics. This paper presents a protoool o determine reach-scale
aream bed stability in mountain streams which is relevant fior invenebrate communities (Sream Bed Stability for Inverichrates, SBSI). The
approach is calibrated on community composition response to bed stahility but does not measure any single bed stahility characteristic per se.
It consists of 13 parameters that are assessed once at each reach with minimal instrume ntation and low interfierence with the substraie. These
13 parameters cover aspects of sediment supply from hanks, transpont capacity and substrate erodihility as well as effects of particle transpon
on channel bottom structures, substrate assemblage and single grains. Application of the SBSI protocol improved the reladonship between
hed stability and community diversity compared to when conventional bed stability measures were employed. The SBSI protoon] provides
a cost-effective and time-effective assessment metwd for bed stability and its application can facilitate research on invertehrate community
response o physical disturbance. Copyright @@ 2011 John Wiley & Sons, Lid.
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INTRODUCTION Towmsend, 2000). Bed stability 15 a chametenstic feature of
alluvial channels comprising aspects like entrainment, tmns-
port and deposition of substmte as well as abrasion by
suspended material on scales ranging from a single particle
to an entire reach. These bed stability charactenstics might
affect sessile orgamsms in different wavs than more mobile
groups of biota (Downes, 1990 Englund, 1991; Holomuzki
and Biggs, 2000; McAuliffe, 1984). Conseguently, some
methods o gqumntify bed stability perform well with one
group of organisms but show only a weak comection with
other proups (Duncan et al, 199% Schwendel er al,
301 1a). This in turn is reflected in the wide variety of bed
stubility measurements used by stream ecologists to exam-
ine the effects of fow disturbance (Schwendel er al., 2000).

The effects of substmte movement on stream invere-
brate communities via habitat alteration, displacement and
death of individuals and changes in their food sources are
widely recognized (e.g. Townsend er al., 1997; Matthaei
and Townsend, 2000; Effenberger er al, 2006; Death,
A8 Schwendel er al., 2001b). Different levels of bed sta-
bility, for example, apparent in depth and pattern of distur-
hance or in transport distance of particles, are meflected in

Flow influences many important structural attributes of
stream  ecosysterns such as substmte stability, habitat
volume and channel morphology  (Poff and  Ward,
1989). Variation in discharge is recognized as one of the
fundumental determinants of stucture and function of
benthic communities in lotic ecosystems (Resh ef al,
1988; Reice et al., 1990 Lake, 2000; Death, 2008). Floods
@n cause movernent of coarse hed subs trate which can affect
the composition of penphyton (Biggs er al., 1999, inverte-
brate (Cobb et al, 1992; Death and Winterhourn, 1995;
Holomuzki and Biggs, 2000), bryophyte (Suren and
Duncan, 1999) and macmophyte communities (Riis e al,
2008). However, different groups of biota respond to differ-
ent aspects of bed stability on a range of scales. For instance,
the reaction to patchy scour or fill varied between inverte-
brate taxa although on a larger scale stable patches mght
mitigate the effects of substmte instability (Matthaei and

omespondence o A . Schwendel, College of Life and Environmental
Sdences - Geography, University of Exeter, Exeter EXN4 4R), UK.
Ermazil: A Sclhwendelifexeter ac.uk
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invertebrate community composition for instance via recolo-
mzaton abilities of individual taxa (Death, 2008). The
methods employed to assess bed sability in relation to
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invertehmte community metrics are reviewed in Schwendel
et al. (2010) and include calculation of critical shear stress
(Mewbury, 1984; Cobb er al., 1992; Death and Winterbourn,
1995), FST-hemisphenss (Dittrich and Schmedije, 1995
Merigoux and Doledec, 2004), scour chains (Palmer er al.,
1992; Matthaei and Townsend, 2000: Effenberger er al.,
2006), scour plates (Palmer er al., 1992), tmeer stones
(Death and Winterbourn, 1994: Townsend et al, 1997:
Death and Zimmermann, 2005; Barquin and Death, 2006),
morphological budgeting (Schwendel e al., 2011a) and
the Pfnkuch Stability Index (Pfankuch, 1975; Death and
Winterbourn, 1995; Townsend et al., 1997; Death, 2002).
Ench of these methods can only assess o distinet set of bad
stability chamcteristics and the strength of the mrelationship
between invertebmte diversity and community composition
vanes (Schwendel er al., 2001a). The need of site specific
calibration (eg. bedload transport formulae and acoustics
sensors) and interference with the substmte (eg. scour plates
and bedload taps) can constrain application for multi site
studies and concomitant invenehbrate sampling respectively
(Schwendel er al., 2010). Insufficient spatial (e.g. bedload
samplers) or temporal covemge (e.g. FST-hemispheres) for
reach-wide, long-term bed stability assessment can be an
additienal problem. Further, ime and cost construints can
often prevent application of elsborate methods. Visual
surveys of steam bed properties such as the Pfankuch
Stability Index can circumvent some of these limitations
but they can potentially be blased by observers or regional
factors such as substmte lithology,

Thus a technigue that combines the sirengths of elabo-
rate bed stability messurements with the easy application
of a visual appmach would facilitate mesearch on stream
invertehmtes and increase comparability between studies,
Consequently, this paper presents a straightforward survey
priwocol specifically  calibmted  for the assessment of
reach-scale stream bed stability relevant for invertebmte
community composition (SBSI). B needs to be pointed
out that the SBSI survey does not measure any single
aspect of bed stability per 52 but determines a chamcteristic
response of invertebmite community composition o a com-
bination of bed stability characteristics. The SBSI was vali-
dated ot independent sites using fn site marked tracer stones
and the bottom component of the Plankuch Index, two
technigues that were shown to be well rdated to invertebmte
community metrics {Schwendel er al,, 2011a). Additionally
the connection between bad stability measured with SBSI
and community metrics was explored.

Application for the SBST method may include scientific
studies of distrbmce—diversity melationships and habitat
chameteristics as well as assessment of the patentially con-
founding effects of bed instability on invertebrate commu-
nity compasition when the latter is employed to determine
water quality or environmental status of a stream.

Cogyright & 2011 kobn Wiley & Sons, Ll

METHODS
Study sites

Data for calibration and validat on of SBST protocol wene col-
lected betwesn October 3007 and March 2010 from 54 moun-
tain stream reaches in the southem part of the North Island of
Mew Zealand. They were locted in the axial Tararua (n=12)
mnd Ruahine Ranges (n=11), the Centml Volcanic Platean
(n=13 and amund Mount Egmont (n=18) (Figure 1). The
former mnges consist of uplified folded and favlted Meso-
mic greyvwacke and argillite whemeas the other mountains
are composed of Quatemary andesitic volcanic deposits,
Catehment vegetation was dominatad by mative brogdleaf—
podocarp forests, scmb and tussock grmssland and anthropo-
genic influence is relatively small (eg. <<0.1% whan land
ke, (H45% non-intensive pasture and no infmstictune up-
stream of sites). Consequently, water quality was expected
o be relatively umimpaired. The studied stream reaches var-
ied considerably in substmte assemblage, width, channel
form (Table I) and sediment supply (Schwendel and Fuller,
in press ). Substrate composition ranged between gravels and
cobbles although some sites contained a considemble pmpor-
ton of boulders. Riparian vegetation was wariable with native
forest, willows and poplars, native saub, non-mitensive pas-
e, tussock and bare ground present. Some of the reaches
wiere latemlly confined by vepetated hanks, whereas others
migrated within a wide active channel sone.

Inverntehrate communitiss

Five Surher samples (500pum mesh, 0.1m") were collected
from riffles during perods of haseflow at least two weeks
after the last spate to ensure a chamecteristic species assem-
blage was colleated. Seasonal varishility in New Zealand
stream invertebrate communities is genemlly low (Towns,
198 1; Winterboum, 2000) however, this was tested and con-
firned at 18 of the sites where samples were taken three
times thmughout the vear (Schwendel er af, 20012 and 1.
Tonlkin, unpublished data). Samples wene stored in 4% for-
malin or =60% isopropy]l alcohol and later sorted. Very
ahurdant taxa (=300 individuals per sample) were sub-
sampled following Vinson and Hawkins (1996): samples
expected to contain large numbers wene divided in equal
subsamples of which one was initially searched for inverte-
brates, Only those taxa with number of individuals that did
ot exceed 300 in the fist subsample were searched for in
the second subsample. Invertebrates were identified to the
loweesst possible taxonomic level using the kevsin McFarlane
(1951), Winterbourn (1973), Towns and Peters (1996) and
Wintethourn er al. (2006). Invertebrates were sampled
where applicable from nffles because there cmmunity
composition 15 likely o reflect gradations in substrate
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Figure 1. Stream reaches in the southern North Island of New Zealand studied for calibratio n of te Stream Bed Stability for Invenchrates
proincol. Open circles denote the sites wsed for validation.

stubility and, on a larger scale, instability in riffles affects
also pools, eg. via bedload transport.

Periphyton and habitat paramesers

At ench invertsbmte sampling point depth, wetted stream width
mnd near-bottorn flow velocity were measured. The htter wis
reoomled over 6s with an dectmomagnetic flow meter (Model
801, Valepont Lid., Tomes, UK) 0,05 m above the stream bed.
At each site pH and tempersure comeded conductivity were
measural wsing Euech pHest2 and BCSean Lows (Fukech
Instruments, Singapore) respectively. Percentage aerial cover
of dparian bind use citegones (mative vegetation, pasture and
willows) within a srip of approximately Sm and the fmction
of dry adive channel hare of vegetntion under base flow condi-
tons were estimated visually,

Chlomphyll a pigment concentrmtion on five grmvel-siad
stones that weme mllected beside invertebrae samples wis
wsemsed s a messure of penphyion biomass. The stones were
ransporied in the dark in cooled stream waker before storing
them at —18°C. Pigments wene extmeted in 906 acetone for
18h at 5°C in the dark before the chlomphyll a absorption
wis measuned using a Cary 50 Cone UV-Visible spectrom-
eter (Varian, Mulgrave, Austmlia). Chlorophyll a pigment
oncentration  was calculated  (Steinman md  Lamberti,
1996; APHA, 1998) and corrected for stone surface area,
which was estimated hased on measurement of the g-axis,

Copyright 4 2011 John Wiley & Sons, Ll
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B-axis and c-axis of the gmvels with a sliding calliper fol-
lowing Gmham ef al. (1988).

Substmte composition of riffles was assessed by measuring
the b-axis of =100 mndomly collected particles (Wolman,
1954) and classifying them according to a modified Weni-
worth scale.

Bed sability

Substmte stability was assessed with two established refer-
ence memsures: tracer particles and the Plankuch Stability
Index. For the development of the new approach, a set of
38 candidate variables (Table IT) wens selected from a lage
array of pammeters potentially relmed o stream bed stability
{Knighton, 2008 Petts and Foster, 1985) in respect to im-
portance and practicability of assessment with minimal in-
strumentation in the field These candidate varishles were
evaluated at stream sections with a length of approsi mately
five to seven times stream width to include, where present,
at least one nffle—pool unit (Keller and Melhorn, 1978).
Candidate variables are associated with the riparian envi-
mnment (denoted A), the cross (B) and longitudinal profile
{C) of the channel, the channel bottom structure (D) and
the substrate (E). The density and composition of the ripar-
ian vegetation within a 5-m strip along the active charmel
ane (Al, AT meflects bank stabilisation by mots, pressure
from land wse and fregquency and magnitude of flood dis-
turhance. Together with bank emsion (B2) and de-position
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E O|E33EEE0FEA8ECE g of derived fine sediments (B3), these parameters indicate
-0 } sediment supply foom banks and slopes. These processes in-
% fluence substrate characteristics (E3-6), which can be
&g i melevant for bed stability. Transport capacity is assessed in
g ElzgcEsszossmagn g terms of available potential energy (slope) (C1), expenditure
ﬂa-" T oNm= - i on mughness elements (D6), chammel adjustments (C2, D)
I and flood remme (A2). The chamnel dwnamics resulting
- " from sediment supply and transport capacity are meflected
BT |mdooEnoonasnsy g in chamnel form (B1), structures (I, D3-5), aquatic vegeta-
= ; tion (D2) and substrate chameteristics (E1-4, E7). A ddition-
= ally, ithology of the substrate, weather (sunny, overcast or
o e main) and state of the floodplain substrate (dry or wet) were
= = mecorded because these factors could potentially interfer: with
5 § i B S e el i g wisual evaluation methods such as the Plankuch Index (A C.
e g' Schwendel, inpublished data),
E Tramer particles were used to assess stream bed stability.
= .E Five randomly selected tracer stomes in each of thme size
b clusses (Deg, Doy and Dyl were morked with radio-
= = frequency identification tags (23mm glass tags, Texas Instru-
8 -~ g ments, Dallas, USA), which were attached in site to stones
g |E N EEHEEE AIRLBRD E in riffles wsing wet curing epaxy-concrete (K273, NuPh::l
% E Construction Produds, Hamilton, Mew Zealand). When
E - g high trbulence or fast flow velocity prevented underwater
= E appheation (1% of particles), stones were removed from
i the fver bed for tag attachment and afterwands carefully
- & me-embedded. The percentage of entrained in site marked
z IE R o 'E tracer stomes and me-embedded tracers was significantly cor-
== |TSE2SRSSEEREET |6 related (Spearman mnk corrdation, R=070, df =26,
E':j 383333338333333 |¢£ p=0.0001). Relocation and identification of each tracer
= ] B stone was carried oul contactless using a portable antenna
B amd datalogger (OmregonBRFD, Portland, USA). Initial and
_ | subsequent positions of tagged stones wene surveyved using
5 E - high precision differential GPS or were marked on ripar-
28 2%2352&&2:;222 ?E ian vegetation and stable hanks, Relocation surveys took
i 8 place approximately every two months or after high-dis-
= charge events over a total period of six months, The entire
-~ E bed and active channel downstream of the last position of
55 mEofofzoEIEdooo =E ench tracer particle were searched intensively to the next
Eg SocdccddSddddag .E'_'E lowal sediment trap (e.g. riffle) beyond a minimal distances
;; of 50m. Stones that could not be moovered were assigned
; E a tmvel distance of S0m. Although this was less than wsu-
& 5 ally searched, it accounted for tracers lost by desp bur
e iy ial (=06m), storage in inactive parts of the floodplain, g
g B [ mecammmome —mo 1’."@ damage and malfunction. The tmvelled distance of the tm-
H = E:E cer patides was converted to an index of bed stability
@ i E (TTM=sum of tmcer movement) using the following
- :—.E approach:
: Zs
% ':é _ ) ';f'f TTH = (da # 530 /s + o s s+ iy # w0 oo ) [ dso + i + dia)
E:-' i g - il g .EJ- g E {1}
% o -_E gg E:é'_g%jg'_g “-Egﬁ-_g 4 The sum of the moved distance 5 of stones of o size class
2ld |23533235233522 | k: between the surveys is divided by the counted recoveries n
Copyright @ 2011 John Wiky & Sons, Lil. River Rex Applic. (2011}
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Table I1. Assessed propentics of the channel, banks and ripanian
environment potentally related o bed stability

Variahle Deseription

Riparian env iromment

All  Fraction of pasture on ripanan smrip (%)

Al2  Fracton of native fonest on fipanan ahp (%)

Al3  Fracton of exotic vegetaton on riparian srip (%)

Al4  Fracton of scrab on fipanan swip (%)

Al5  Fracton of other land cover (none, tussock, ete.) on
riparian strip (%)

A2l Ratio of flosdplain width to active channel width (mfmn)

AZI*  Ratio of floodplain widt to wet channe] widith (mdm)

AZ3  Ratio of active channel width to wet channel width {mfmn)

A3l Percentage of high hank surface covered with vegetation (%)

A3 Variation in species and age of high bank vegetaton

{categorical )
Channel cross profile

Ell Channel incision, ratio of width to depth {mdm)

B2l Bank ercsion {cakgonical)

B2  Number of recent hank collapses

B3l Kumber of recently deposited lateral bars of fine material

(< coarse gravel)
Channel longimdinal profile

Cl1 Bed slope (mfm)

[l | Sinuwosity (cate gorical)

Channel bottom

D11 Fractom of anca affected by erosion and deposition (%)

D21 Occumence and form of aguatic vegetaton {categorical)

D31 Number of multiple barforms

D32  Fractom of area occupied by multiple barfomms (%)

D4l Number of nffle—pool and step—pool soquences

D51 Occumence of bedfiom clusters (categornical)

D6l Fractom of area with supercritical flow (%)

Substrate

Ell Grain angularity {cate gorical)

E21 Constitwtion of grain surface (categonical)

E3l Interlock and overlap between particles (categornical)

Edl Packing and compaction of particles (categorical)

E51 Fraction of sand and smaller grain size (% anea)

E52 Fraction of gravelk (% area)

E53 Fraction of cobbles (% area)

EX Fraction of boulders (% apes)

ESS Homogeneity (% anea of maost abundant size class/
numbser of size classes present)

ES6*  Size index {Sum of fractoms weighted by dweir
goomerical mean size of their size class)

E57T* Mean size index (Size indew/ number of size classes
present)

E58* Fractiom of cobhles and gravels (% area)

Eil Fraction of stahle material large boulders and baedock) (%)

ET1 Occurrence of an amuour yer (categorical)

Cateporical varizhles were raled & a scale from 1 (zsociated with 2zhle
subsraie) o 4 (zmocizied with suharste mashility), * variahle remeoved
hecarse of imercomeltion.

and waghted by the geometric mesn particle size d of
that class,

As g second independent measure of bed stability, the
bottom  component of the Pfankuch  Stability  Index

Cogyright £ 2011 kot Wiley & Sons, Ll
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{BCP) (Pfankuch, 1975) was emploved once at ench site.
The bottom component was preferned over the total index
because in previous studies it showed a better rel stionship
with ather measums of bed stability (Death and Winter-
boum, 1994) and is well related to biological data (Death
md Winterboum, 1995: Sumen, 1996). It involves alloca-
tion of an observer's subjective wvisual evaluation of
six attributes, including substrate brightness, angularity,
consolidation of particles, percentage of stable materi-
als, evidence of scouring and state of clinging aguatic
vegetahon, to four predetermined categones o which
scores are weighted according to their perceived import-
ance. The sum of the scores msults in a stability index,
where high values mpresent low stability.

Dita analyzis

The collected data wene examined in four steps: (1) analysis
of invertebrate community composition and stctune; (i)
development of the SBSI protocol; (i) exploration of the
mlationship between SBSL other measures of bed stability
and community metrics; and vy validation of the SBSI
protocol at independent sites m s pect to other bed stabihity
mensures nd relevance for invertebrate communities,

The compositton of the invertebmte community at 46
culibration sites (Figure 1) was explord with non-metric
multidimensional scaling (NMDS ) in PC-ORD 5.0 (Mjh
Software, Gleneden Beach, USA) wsing standardised (by
maximum) inverebrate taxa abundance, Association of the
derived s soores with messured envimnmental para-
meters and selected varishles from the Freshwater Environ-
ments of New Zealand database (Wild er al., 2005) was
assessed wsing Pearson's comelation. The axis that was best
cormlated to conventional bed stability measunes, TTM and
BCF, was selected for calibration of the SBSI. Community
divemity (Brillouin Index), taxa number, mrefied taxa num-
ber (for 200 individuals following  Sanders  (1968)
and Hudbert (1971)) and mean number of individuals
per 0.0m® were caleulated for all sites in PRIMER v6
{Flymouth Marine Laboratory, Plymouth, UK).

The SBSI was developed with linear best subset regres-
sion (Statistix 9.0, Analytical Software, Tallahassee,
USA ) using the selected NMDS axis as dependent variable
and the 38 parameters assessed in the field (Table 1) as in-
dependent variables. Adjusted R®, msidual mean square
emor, Mallows™ Cp, predicted residual sum of squares and
Alaike’s Information Criterion for small samples were used
to compane models,

The mlationship between the SBSI site scores, bed stabi-
lity mensured with tmeer stones and the bottom component
of the Plankuch Index and invertebmte community metrics
wis pssessed with Spearman rank correlation to account

River Rex Applic. (2)11)
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for the nom-normal distribution of vanables, This was
accomplished for the 46 sites wsed for SBSI calibmtion
to show the relevance of the SBSI for invertebrate commu-
nities and separately for the eight validation sites. The latter
wnsisted of four randomly selected reaches in each of the
two bedmek megions (volcanic mnd sedimentary) in onder
to acoount for variations in shape and colour of the sub-
strate. Significance from the multiple comelations was
adjusted using false discovery rate correction {Benjamini
md Hochberg, 1995).

RESULTS
Invertebrate community

A total of 127 invertebrate taxa were collected acmss the 46
SBSI calibration sites with a mean number of individuals
per 0.1m” of 194 consisting of on average 33 taxa. Overall
Trichoptera compnsed the largest number of taxa (35%),
followed by Diptera (25%) but the samples wem numeric-
ally dominated by Ephemeroptera larvae (45% of indivi-
duals) of which Deleatidinm w as most common (100% of
sites) and abundant 42% of individuals),

Ordination (20 stress 0.16) revealed that only one axs
wis strongly comelated with bed stability measured with
tmeer stones and the bottom component of the Plankuch
Index (Table TH). This axis was also associated with periph-
yton biomass and the fraction of the active chanmel bare of
vegetation (Figure 2). I was subsequently used to calibrate
the SBSI. Sites associated with Low bed stbility swere found
in the Rughine Ranges and around Mount Egment and were
dominated by Deleatidinm. In contrst, very stble sites
wiene located mostly on the Central Platean and had a dcher
fauna and higher number of individuals.

Stream Bed Stability for Invertebrates protocal

Any intercomelated vansbles of assessed mach properties
wiere removed from further analvsis (Table IT). Weather and
substrte surface wetness were not significantly comelated
with ather variables but substrate lithology (andesite and
grevwacke) was significantly cormelated to grain angularity
(E11) (Spearman’s & 0.82, df =45, p=0.0001). Andesitic
stones were more rounded than grevwacke clasts prior o
fluvial tronsport. Consequently scores for grain angularity
wene raised by one class at sites with greywacke-dominated
substrate. Best subset regression, using the NMDS axis best
melated to bed stability measums & dependent varable
mnd the refined set of reach properties as mdependent vanahles,
ked to the identificaton of an optimal model (Table TV),
This model of stream bed stability melevant for inverte-
brates (SBSI) comprises 13 variables, which reflect mostly
direct effects of channel dynamics observed on the banks

Copyright 4 2011 John Wiley & Sons, Ll

Table M. Comelation of bed stahility measunements (total tracer
maovement—TTM, bottom component Pfankuch Index—BCF),
measmured (marked with *) environmental parameters and periph-
wion biomass and downstream varables, segment variables and
munofFweighted upstream cakchment vanables from e Freshwatker
Envimnments of NMew Fealand database (Wild er af,, 2005) with
naon-meric mulidimensional scaling axes

Axis | 2
Pearson's Pearson's
R R
“Width* —0i6 006
Depth* 033 —0.20
Veloci™ 012 -1
Conductivity * 022 —-0i03
Temperamure® =017 nl3
pH* 033 —0i0e
Riparian pasture* .18 025
Riparan bare foodplain® —idd -033
Feriphyton biomass® 044 013
Average slope of dowmsiream network -3l one
Maximum slope of downsream segmens 018§ =010
Maximum segmeans slope based on 30m grid o3 o7
Segmen sinwosit -5 onT
Average sepment slope —0.26 -1z
Shaded fraction of segrmenr -z NG
Percentage of the segmenr iparian area 00 nl3
coverad in scrub
Llpsrreamm mean Janwary air temperam ne UG [LEL]
Llpsrreaun caichment rain days® |5mm/montd 027 nl3
Lipsrream lake index e LT ]
Percentage of wpaream catchment anmnuwsl 01z nl3
munaf T from allu viem
Percentage of wpaream caichment anmual Q12 003
munaff from peat
Ulpsrream average of calciferous regolith —0.19 nl4
Lipsrream caichment average of =010 — G
megolith handne s

Liprrearn catchment average of panicle size  —0U05 N4
Percentage of wp aream catchment consiss nls —iG2
af hare grownd

Percentage of upaream catchment covered 025 010
in exotic forest

Percentage of wp aream catchment cowvered —(0E [ ]
in indigenous fiorest

Percentage of wpaream catchment with 017 one
pastoral land use

Percentage of wp aream catchment cowvered —u —025
in msmock

Percentage of upsiream catchment condst of QU0 010
weiland

Sepment stneam onder 018§ -0z
TT™ —053 004
B(F —057 noe

Sigmificam comdations are marked bokl (p-<001)

and at the chammel bottom, Sediment supply and tmnsport
capacity are mepresented with two varisbles each, which
are assessed on the banks and the longitudinal channel
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Figure 2. Non-metric mulidimensiomal scaling axes of 46 mountain stream invenehrate communities and comelated parameters (< 0010,

Periph yt, periphyton biomass; usAve TWar, Upstream mean January air temperature ) usindigF, Percentage o f up=stream caichment covered in

indigenous forest; TTM, ol racer movement; BCP, bsottom component of Prankuch Index; RipBaneF, Dry active chanme] hane of vege tation
under base flow conditions, usBare_q, Percentage of upstream caichment consisting of bare grownd.

profile. Substmte pammeters (size and compaction) consti-
e a secomd group mirronng the effects of sediment
dynamics such as sorting. Low variance inflation factors
(VIF) indicated that collineanty between the variables is low.

On the hasis of the regmssion model, a field shest
(Appendix 1) was designed that facilitses recording of the
variahles and allows, with the help of a pocket calailator,
rapid on-site assessment of bed stability. Chamnel, bank
and substrate properties are to be reconded, noted in relevant
fields and multiplied with their respective coefficient. The
sumn for each compartment (e.g. banks, longitudinal profile,
chamnel bottom and substrate) is recorded on the right hand

Cogyright £ 2011 kot Wiley & Sons, Ll

side of the sheet and this column is then added up to result in
the SBSI site score.

Bed stability and community metrics

Comelation between the SBS1 site scores and community di-
wersity (Brilloun Index), taxa number, mrefied taxa number
and mean numbser of individuals was highly significant
{Table V). These community metrics wen: also comelated
with bed stability measuned with tmeers (except taxa num-
ber) or the bottom component of the Plankuch Index but
the connection was always weaker than with the SBSL
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Table TV. Resulis of the regression analysis of the non-metric mul-
ddimensional scaling axis agajg! 39 v::hamd.u'i!icx:‘ of the chanmnel
and the riparian e nvironment (B =00805, adjusted B ={0.726)

Variables Coefficient Standand emor  Festif  p vaue VIF

slope0

Congant  —G6.31006 L.002eT 629 0O 1]

A3 0.21652 0.0GOZE 35 oD 21
A3l 001239 0.00375 331 L0023 L
B21 0.26123 006495 402 0LODD3 2

Cll 0.05583 L0200 266 0012 13
DLl 0. 29004 0.0619 302 Qs 32
D3le 0.28711 0.07222 398 0LODDG 3

D32 0oLz 0005586 216 00385 1.9
D5le 0.27049 0.07771 348 0LODIS L6
Ell 02418 0.12253 1.97 QL0572 1.5
E21 0. 16677 0057 176  OLOBT4 2.6
E4l 0.25041 0.1 1961 208 Ll LT
E51 0.02ZERS 00037 308 QLD 22
ES5 00524 002019 et 0.0ldl 31

YIF, variance milation facior.

The thres measumes of bed stability were intercomelated
with the strongest relationship apparent between the battom
wmponent of the Plankuch Index and SBST site scoms
{Table VI).

Validation at independent sites

At eight randomly selected sites a linear mlationship was
found betwesn bed stability assessed with the bottom com-
ponent of the Pfankuch Index and the SBSI protocol
(Table VT). In contrast, the tmeer measure wis not comelated
with any of the two former; however, comelation coeffi-
dents were similar or higher than at the sites used for SBSI
alibration and the falure of detection of a significant rela-
tionship might be due to the low number of sites. Comela-
tion between the Brillouin Index and SBST site scores was
stronger than with any of the othe bed stability measumes
(Table V). In contmst taxa number, ramfied taxa number
md the mean number of individuals were slightly better
related to the bottom component of the Pfankuch Index.

DISCUSSION

The presented protocol for assessmment of bed stability rele-
vant for invertehrates (SBSI) produces site scores highly
melated to invertebrate community diversity and structure,
This connection is stronger than that of any traditional bed
stubility measure with community metrics at the calibration
sites. The SBST method is calibrated on the response of
invertebrate commumities, signified by an NMDS axis, to
varying degrees of bed stability as measured with traditional
technigues and companes well 1o the NMDS cahbrabion axis
{Table VI, Figure 3). The NMDS axis used for calibration of
the SBSI is strongly associated with bed stability measures
and perphvton biomass. Penphvton as a potential food
soumce for invertehmtes influmnces invenebrate community
compasition (Death, 2002) bt biomass itsel £ is affected by
bed movement and cin consequently be seen as a proxy
for bed stability. The link of the NWDS calibmtion axis with
the percentage of hare active channe mefleas the flood
megime, which influences bed stability. Lack of vegatation
on the hanks con indicate regular inundation with flows
competent to strip vegetation mnd to prevent perenmal plant
growth. Alternatively, it can be caused by active bank ero-
sion dunng lower discharges when undercutting of hanks
can lead to failure. This meflects a high degree of charmel
activity and sediment input and  sccordingly bed  distur-
hance. Hence it s reasonable to interpret the NMDS axis
o being dominated by bed stability.

WValidation & independent sites showed the applicability
af the SBS1 approach and its rel evance for invertebrates,
Connection with community diversity is improved when
the SB51is wsed compared with other bad stability measures
but the battom component of the Plankuch Index performs
slightly better with number of taxa and mdividuals (Figure 4).
However, the SBSI approach can account for regional van-
ation in pammeters such as lithology and should be less
affected by observer subjectivity than the pumly visual
nssessment of the Plankuch Index.

The parameters of the SBSI model are summanzed in
Tahle VII. Theoretically, the total SBSI score ranges betwemn

Table V. Comelation of invenchrate community metrics with bed stahility assessed with the Stream Bed Stability for Invenchrates (SBSI)
protocol, b sine marked tracer gones (TTM) and the bottom component of the Pfankuch Stability Index (BCP) a 46 New Zealand streams
usad fior SBSI calibration and &t § inde pendent sites from the same regions for validation

SBSI calibration sites Validation sites
SBSI TTM BCF SBESI TT™ BCP
Brillouin Index —(75*+* e P —(GR*E —0.81* —0.78* —0.73*
Taxa number — (156 -0.37 — (154 vds —0.73% -0.34 —0.82
Rarefied taxa number for 200 individuals e ki =[5+ —(55F* —0.73* —0.40 —0.g2*
Mean number of individuals —(75*+* —0.35* —(45** —0.74* —0.34 —0.86*

Significance from muliple comelstion: was adjused wing Fake Discovery Rate and is indicated by * For 2 =005, ** for =005 and *** for @=0.1001.
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Table VI Comelation of bed stahility assessed with the Stream Bed
Stability for Invenchrates (SBSI) protoool, in siw marked wacer
stomes (TTM) aned the botiom comp onent of e PRankuch Stability
Index (BCF) at 46 New Fealand streams used for SBST calibration
and at cight inde pendent sites from the same regions for validation

SBSI calibration sites Validation sites
TT™ B TT™ BCP
SBESI D.4gw+r DGGF+* 0.47 0.75*
BCP .46+ 0.67

Signilicance fmm muliple comeltions wes adjusied wing Fale Discovery
Rate and & indicated by * for =005, ** for z=(LN5 and *** for z=0L001.

19 (stuble) and 201 {unstable) when extreme vales for all
pammeters are assumed. However, the @libmtion sites,
which, acconding to the bed stability measurements, incude
bath very stable and unstable ranches, cover o range of oaly
62 to 88. Thus values higher than 80 mepresent sites with
low bed stmbility, whereas SBSI smaller than 70 indicates high
bed stahility. The substrate sand fraction and homogeneity ans
potentially the most powerful parameters but their extreme
values seldom oocur in mountan streams. At the calibmtion
sites, bank vegetation cover and abundance of multiple
barforms had the highest mean scomes (108 and 9.1 respect-
ively) whensas slope, area of multiple harforms and smnd frc-
tion achieved lowest mean scomes (<2.3). In the following
section, for each pammeter, the mlation to bed swmbility is
explored, and assessment in the field with the help of the pm-
vided field sheet (Appendix 1) 15 described.

Friction slope determines the total energy available for
transport and entrainment of particlesin a stream. Water sur-
face or stream bed gmdient is often vsed as 8 sumogate
because it is easier to mensure (Schwendel et al, 2010).

2
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Figure 3. Stream bed stability assessed with the Siream Bed Sia-
hility for Invertehrates Index (SBST), in site marked tracer stones
{TTM) and the botiom component of the Plankuch Stahility Tndex
{BCPF) plotted against the non-metric multidimensional scaling
(WMDS) axis used for calibration of the SESL
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Figure 4. Site soomes of the Stream Bed Stahility for Invertehrates
Index {SBSI) plotted against convemntional measures of bed sta-
hility: M st marked tracer stones {TTM, closed symbols) and the
battom component of the Pfankuch Stability Index (BCP, open
symbols). Sites msad for validation are shown as triangles.

"When the ratio of flow depth o roughness element height
is high {e.g. during high dischange), this is an scceptable
first-order appmximation. Bed slope can be estimated in
the field, if necessary, with the help of an Abney level.
The setive chanmel includes the 2one that is dry ot haseflow
stage: but is subject 1 regular mundation. Tt is well coupled to
the channel and 15 mvolved in processes of sediment trans-
part. In the field, this zone can be determined by the absence
o searcity of pensmnial vegetation and the presence of recent
flood debris. The mtio of the adive chnnel width © wetted

Table VII. Parameters of te Stream Bed Swbility for Inverehraies
(SBSD survey with weights and potential range of valees
{rextreme valwes estimated) and scones

Parameter Weight Range  Minimum Maximum
ACOne K000

C11 Bed slope 0.56 0.00001*-1* Q00006 0.56

AT Activelwet 217 1-L0* 217 21.7
hean ezl

B2l Bank ension 2.61 1-4 2.61 10,44

A3l Bank vegetation 0,12 O-Lon 0 12
COver

E5] Sand fraction 0.29 O-Lon 0 ]

ES55 Substraie 0.52 4-100 208 52
homo gene ity

Edl Packing and 2.50 1-4 250 10.0
COMpaction

E2l Particle surface 167 1-4 167 G668

Ell Grain angularity 2,42 1-4 242 Q.68

DIl Reworked area 2,90 1-4 290 11.60

D31 Muliple barform 287 0-5 1] 14.35
number

D32 Area of muliple 0,12 O-Lon 0 12
barforms

D51 Bedform clusters 2,70 1-4 270 10,80

Total SBSI 1905 20081
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naseflow channel width is low (e.g. close o 1) for hydrolog-
ally stable streams with small varition in flows (e.g lake
fed). With increasing frequency and magnitude of floods, a
aigher ratio & expectad althoogh local geomorphology @n
nterfere (e.g. numow vallevs, bedmek consrictions and bank
mmpisition ). Both this pammeter and stream bed slope quan-
ify potcutial barspont capacity amd e caprossed o a coulio-
wons sale, Considering the poential range of values, bed
slope has much less weight than the active charmel to haseflow
chinnel width mtio in the regression model,

The sediment supply from tanks and lateml channel ero-
son 1% mepresenied by the cateporical parameter bank erosion.
It is evaluated in the field on a s@le ranging from none to
wenk mnd modemte to strong. Stong bank erosion means that
eroded surfaces or collapsed henks are present thmughout the
meach mnd that lateral emsion issevens. Modemte bank erosion
depicts a state whene either light and discontinuous hank ero-
son is common or locally bank emsion is stmong. The category
‘wienk hank emsion” is chosen when only patchy and light
qank erosion owcurs. Extrinsic canses for bank collapse such
& tmmpling cittle or human inerference are incuded in this
mammeter and are not separae’y assessed.

The pemcentage of riparian vegetation cover of the upper
qanks (above bankfull stage) specifies the average vegetation
density of the understorey (e.g. stems per m®), not the canopy
aver along both sides of the reach. Tt was expected to be
positively melated to bed stability because vegetation reduces
surface emsion and dense mots stabilise the banks, However,
mgmession showed an inverse rlationship to bed stability,
which can be explained by land use, altitude aspects and bank
mmposition. The sites with low bank vegetation oover were
dther in high altitude locations on the Central Volcanic Plat-
amn or matuml vegetation was scae., Anthropogenic lnd
e practices like foresry or gravel mining on floodplains
an canse low density of bank vegetation. They are only prof-
‘ble on relatively stable ground thus reflecting bank stabi bty
Altitude mirrors catchment size and is thus related to steam
power. Hence high altitude sites above the tree line with low
vegatation cover have wsually more stable upper banks than
o altitude sites. This pammeaer combines these two canses
af bank vegetation cover, although hank protection by maots
% obviously of less imponance on the infrequent flood-
affected upper banks, We used an accuracy of 5% for bank
mver estimations,

Substrate size distribution eflects emson, sedimentation
and transport processes. Fine particles require less shear force
for selective entramment than coarse grains. Hiding and pro-
musion effects can prevent ssective entrainment but visual
surface substrate assemblage msessment does usually @pture
anly patches dommated by sand and not hiding sand gmins
setween larger particles. Thus the percentage of smnd and
smaller gruin sies present and the associmed low aritical shear
stress can indicate high sediment mohility given sufficient

Copyright £ 2011 John Wiley & Sms, Ll

tmnsport capacity. Eroson and sedimentation of smdy sub-
strate: and associsted changes in habitat can cause shifts in in-
vertebrate community composition (Palmer er al., 1992;
Downes er al., 2006).

Substrate size homogeneity con be cmsed by sorting fe.g.
downstream fining) but depends also on aitchment substrute
lidhadorgy and sodimal soues Gowoking of obdor elluvial
deposits, hillslopecollapss or fresh tributary inputs). However,
in mountain streams whens substrate variety is usually mited
by cachment stee, sorting can be instrumental for substrate size
composition.  Bemuse soting processes meguine substrte
movernent, the pammetes “substrate homogeneity " is posiively
related toinswbility. Inthe field it requres estimation of the per-
centage cover of the size dasses such as silt (<0063 mm), sand
0.063-2mm), gmvel (I-64mm), cobble (H4-256mm) and
boulder { =256 mm). Then the aerial cover fraction of the dom-
inant size cliss is divided by the number of dasses present.

Packing and compaction of particles is highly developed in
stuble substmte channels. It can be an effect of incompetent
flows or lack of sediment supply. This parameter should not
be confounded with overlap of particles because of the stone
shape of some lithologies. |t cin easily be tested by walking
in the bed and fourcategories ans distinguished. Tight packing
means that in the entire channel stones move only mirimally
when full body weight is applied or the channel battom con-
sists of bedrock, Wedged packing depicts conditions whens
only parts of the chammel have tight packing or where the en-
time substmte moves under the foot but does not principally
change position (e.g. is enrained afterwands). The ‘moder-
ately loose” category includes a mix of all four categories
throughout the channel skewed towards looser conditions,
Stones may change posiion when stepped on but should not
be entirely dislodged. Loose packing means that the foot sinks
into the substmte and particles move easily.

The categoncal parureter ‘Constitution of particle sorface”
has been modified from the categones of brightness defined
by Plankuch (1975). Tt incorporates surface roughness and
brightness, which can be effects of paricle movement.
However, it nesds to be distnguished between different
lithologies fe.g. imestme mnd voleanic rocks), which have
varying spectm of colours and brightness, Particles of differ-
ent geological origin can have vanable surface roughness
after the same transport length. Stains and plant grmowth on
stones are dependent o, tempemture, lght, nutrient levels
and minemlization, It is also advisable to allow for weather
conditions mnd surface moisture when stones on the flood-
plan are investgated: wet surfaces on a rainy dey can
appear much duller than in dry and sunny conditions. The
categories mnge from mone than 95% of stuined perticles
with considerable organic film and growth, over ‘65-95%
dull” and *35-65% dull’ to less than 35% dull.

The parumeter “Gmin angularity” was also adopted from the
Pfnkuch Index. Tt ideally expresses the amount of work
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performed on a particle duning fluvial transport bt the chame-
teristic depends very much on lithology in terms of hardness,
cleavability, stratification and mineral content as well as dis-
tance from source. Thus adjustment of the scores of sharp
and angular mek types such as mudstone and greywacke o
the soores of particles that are almeady rounded prior to fluvial
transport fe.g. some volcanic rocks) by the observer is recom-
mended. The categories include particles that are well rounded
in all dimensions with smooth surfaces, corers and edges;
wiell rounded in two dimensions, corners and edges; rounded
combined with flat surfaces and sharp adges; and comers wath
roughened surfaces.

The pemcentage of reworked area describes the amount of
ohvious recent emsion fe.g. bright sections) and sedimenta-
tion (bars of fines, filled pools) of the channel bottom. A
fraction of mowe than 805 is rated as very high, 50-80%
as high, 20-49% as intermediate and less than 209 as low.

Multiple barforms are a featume of dynamic channels able
to adjust to changing sediment supply and floods . However,
over a short term they can be relatively stable channel struc-
tures, oreating varous habitas and providing potertial refugin
during smaller spates. Surprisingly, the number of multiple
barforms is positively related to bed stability in the SBSI
madel, which might meflect habitat hetemgenaty. In contrast
their size as a fraction of the total bed aren decreases with
SBSI bed stabil ity bemuse large ares of multiple barfonms in-
dicate substantial channel dynamics. The number of multiple
barforms 15 classified in six categories, which are indeed
from zeTo to five

Bedform clusters locally influence flow wrbulence caus-
ing expenditure of energy, which is not available to entrain
substrate. They are commenly thought to be resistant to
entranment dunng high-discharge events (de Jong, 1992;
Reid ef al, 1992) but depending on flood magnitude, bed
form clusters can be as unstable as single surface stones
(Matthas and Huber, 2002). Thus their suitability as refuga
for invertebrates and periphyton vanes and they do not neces-
sarily support nicher inveriehmte faunas becanse of increased
habitat heerogeneity (Biges er al., 1997; Funcoaur e al.,
19498 Matthaed and Huber, 2002). For the SBS1 pmtocal,
abundance of bedform clusters is estimated in the field
visually md categorized in four classes mnging from none
tir abundant (e.g. =5% aerial cover).

CONCLUSIONS

The method presented here for reach-scale assessment of
bed stability relevant for invertebmite communities in upland
streams seeks to combine statistically derived relationships
between bed stability characteristics and the invertebmite
community and causal connections. This distinguishes it
from other approaches, which aim to messure characteristics
of bed stability per se but often are not very well related 1o
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msponses of different gmoups of biota, The SBSI protocol
provides a similar or stronger commection with community
divemity and composition than traditional bed stability mea-
sures. Index calibration was conducted in upland streams to
avoid the confounding effects of water quality on inverte-
brate communitiess but potentially, the SBSI protocol could
be applied to 2 wide mnge of streams. The SBSI method is
straightforward,  cost-effective  and  tme-effective  and
requires minimal instrumentation (Abney level and pocket
aalculator) and only one site visit is necessary. Imerference
with the substmie 15 low, which faclitates concomitant
invertehrate sampling and the stability score can be caleu-
lated on-site. & should suffer less from difficulties of purely
wisual assessments (such as the Pfankuch Index) and can
socount for regional differences (e.g. in lithology ). How-
ever, ohserver bias potentially can be a problem. This and
applicability at independent sites need to be tested 10 allow
malysis of deficits and adjustments,
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