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Abstract

‘Complex response’ (Schumm, 1973, Geomorphic thresholds and complex response

of drainage systems. In Morisawa, M. (ed.), Fluvial Geomorphology. Binghamton: New

York State University Publications: 299-310) describes situations in which a single

event triggers a series of progressively damped morphological and sedimentary

adjustments within a catchment. Schumm and Parker’s (1973, Implications of com-

plex response of drainage systems for Quaternary alluvial stratigraphy. Nature 243:

99–100) classic stream table experiment of drainage system development showed

that one baselevel fall event could result in formation of two sets of paired river ter-

races that need not be related to additional external (e.g., climate) influences. Despite

its enduring popularity in fluvial geomorphology, large-scale and long-term field eval-

uations of Schumm and Parker’s complex response model are very limited. Here, we

report on a multi-millennial, multi-catchment field experiment in south-western Crete

where a high-magnitude earthquake (estimated magnitude 8.3–8.5) on 21 July

365 CE resulted in up to 9 m of instantaneous uplift over a land area exceeding

6000 km2. Geomorphological, sedimentological, and chronological investigations

were used to investigate the erosional and depositional histories in three catchments

with outlets uplifted by the 365 CE event. These catchments were compared with the

Anapodaris catchment in south central Crete where baselevel was not significantly

affected by the earthquake. Although all uplifted catchments experienced valley floor

incision, this occurred hundreds of years after 365 CE during a period of wetter cli-

mate. The number and age of trunk stream incision and aggradation phases are simi-

lar in both uplifted and non-uplifted catchments, indicating that river responses

following the 365 CE uplift event have not followed complex response trajectories in

the form documented by Schumm and Parker (1973). This finding highlights the need

for rigorous evaluation of other catchment or river response concepts, including

through the combined use of laboratory experimental results, field data, and geo-

chronology. In an era of rapid environmental change, characterizing and anticipating

catchment and river system response increasingly will depend on a healthy interplay

between different investigative approaches.

Received: 30 June 2021 Revised: 21 March 2022 Accepted: 24 March 2022

DOI: 10.1002/esp.5370

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

2178 Earth Surf. Process. Landforms. 2022;47:2178–2197.wileyonlinelibrary.com/journal/esp

https://orcid.org/0000-0003-4167-2033
https://orcid.org/0000-0003-0834-8848
https://orcid.org/0000-0001-5714-2606
https://orcid.org/0000-0002-2694-4590
mailto:mmacklin@lincoln.ac.uk
https://doi.org/10.1002/esp.5370
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/esp
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fesp.5370&domain=pdf&date_stamp=2022-05-29


K E YWORD S

alluvial terraces, baselevel change, complex response, Holocene climate change, incision and
aggradation, tectonic uplift

1 | INTRODUCTION

‘Complex response’ (Schumm, 1973) is a term that describes situa-

tions in which a single event and the crossing of a geomorphic thresh-

old triggers a series of progressively damped morphological and

sedimentary adjustments within a catchment. These process-form

feedbacks had been demonstrated in Schumm and Parker’s (1973)

classic laboratory (stream table) experiment of drainage system devel-

opment on a uniformly sloping, moderately cohesive (sand, silt, clay)

substrate, which showed that one lowering of baselevel resulted in

the formation of two sets of paired river terraces (Figure 1). The

results of this laboratory experiment seemingly had profound implica-

tions for interpreting cause-and-effect relationships in fluvial sedi-

mentary records, primarily because it suggested that not all

morphological and stratigraphic discontinuities necessarily result

directly from external forcing such as climate change, and that correla-

tions of Quaternary fluvial records (e.g., terrace surfaces and alluvial

fills) might be difficult (Schumm, 1973; Schumm & Parker, 1973). This

was a novel and important insight, and over the half century since the

publication of Schumm and Parker’s (1973) paper, apparent temporal

and spatial mismatches between records of fluvial erosion/deposition

and external change have sometimes been attributed to variants of

complex response, in whole or in part (e.g., Cheetham et al., 2010;

Force, 2004; Kochel et al., 1997; Waters, 1985; Womack &

Schumm, 1977). The enduring appeal of the complex response

model is also demonstrated by the fact that it still commonly features

as one of the first or most prominently cited examples of river

response in 21st century textbooks devoted to catchment and river

dynamics (e.g., Brierley & Fryirs, 2005; Fryirs & Brierley, 2013;

Rhoads, 2020) and also appears in more general geomorphology and

Quaternary texts (e.g., Gregory & Goudie, 2011; Gregory &

Lewin, 2014; Williams, 2014).

With significant improvements since the 1970s in geochronologi-

cal control provided by radiocarbon and luminescence dating, more

recently researchers have demonstrated how temporal and spatial

mismatches in fluvial sedimentary records in fact can be explained by

reference to varying catchment and reach sensitivity to climatic

drivers, governed by the interplay between sediment supply and pres-

ervation factors in alluvial record generation (Macklin & Lewin, 2008;

Macklin, Lewin, et al., 2012). These factors may include, inter alia, the

influence of river style, tributary-main channel coupling, valley width,

and valley margin bedrock outcrop (Cohen & Nanson, 2007; Daley &

Cohen, 2018; Duller et al., 2015; Keen-Zebert et al., 2013; Lewin &

Macklin, 2003; Lewin et al., 2005; Tooth, 2016; Tooth et al., 2013).

By contrast, a growing body of work that is based largely around gen-

eration and interpretation of laboratory experimental and computa-

tional model outputs of catchment and river development has

questioned whether coherent climate signals can in fact be recorded

in fluvial sediments. Instead, many studies have attributed complexity

in fluvial sedimentary records to the ‘shredding’ of environmental sig-

nals by deterministic or stochastic, non-linear surface dynamics that

collectively act as a stratigraphic filter (Jerolmack & Paola, 2010;

Straub et al., 2020; Van De Wiel & Coulthard, 2010).

In any given river catchment, how do we evaluate these competing

explanations for the generation of fluvial sedimentary records such as

terrace sequences? For instance, do river terraces represent a complex

response to baselevel fall, a response to other external drivers

(e.g., climate) or other internal dynamics (e.g., non-linear sediment

transport), or a response to some combination of these drivers and

dynamics? With rare exceptions (e.g., Cheetham et al., 2010), to our

F I GU R E 1 Schematic cross-sections of experimental channel 1.5 m from drainage system outlet (baselevel), showing the damped oscillatory
response to 10 cm of baselevel lowering (redrawn after Schumm & Parker, 1973): (A) valley and alluvium, deposited prior to the experimental run,
before baselevel lowering; (B) following baselevel lowering, channel incision forms a paired terrace and subsequent channel widening partially
erodes the terrace; (C) as sediment supply from upstream initially increases, aggradation leads to development of an unstable, braided channel;
(D) as sediment supply from upstream decreases, renewed incision forms a second terrace. With time, channel migration would be expected to

erode part of the lower terrace and form a floodplain at a lower level
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knowledge, there have been few long-term (≥ 100–1000 years) and

large-scale (≥ 10–100 km2) field evaluations of Schumm and

Parker’s (1973) complex response model using river terraces with

secure geochronological control. More generally, given the rapid growth

in laboratory experimental and computational modelling studies of flu-

vial system behaviour, and an associated undercurrent of scepticism

from some researchers regarding the validity of invoking external (espe-

cially climate) forcing to interpret fluvial sedimentary records, there

remains a need to rigorously and systematically evaluate model outputs

against increasingly well-dated Pleistocene and particularly Holocene

fluvial archives. Such archives are now available for many river systems

worldwide (e.g., Benito, Macklin, Panin, et al., 2015; Harden et al., 2010;

Macklin et al., 2006, 2015; Macklin, Fuller, et al., 2012 Panin &

Matlakhova, 2015; R�adoane et al., 2019; Richardson et al., 2013).

To evaluate the applicability of Schumm and Parker’s (1973) com-

plex response model in a specific field context, and to address wider

issues surrounding environmental interpretation of fluvial records,

here we report the findings of a multi-millennial, multi-catchment field

experiment in south-western Crete. Crete is a large (�8400 km2)

island in the Mediterranean Sea (Figure 2A), located north of the

Hellenic subduction zone in one of the most seismically active regions

in Europe (Pirazzoli et al., 1996; Reilinger et al., 2006). In this region, a

high-magnitude earthquake (estimated minimum magnitude 8.3–8.5)

on 21 July 365 CE (AD 365) caused up to �9 m of instantaneous uplift

F I G U R E 2 Location and
characteristics of the study region.
(A) Simplified map of the tectonic setting
in the vicinity of Crete. The island is
located to the north of the Hellenic Arc
subduction zone, which is characterized
by a deep (> 3000 m) trench (Hellenic
Trench System) formed by descent of the
African plate beneath the Aegean plate
(map adapted from Taymaz et al. (2007)
and Sayil (2014)). (B) Outlines of the three
main study catchments in south-western
Crete (Rapanas, Stomiou and Heroktena),

with numbers showing locations of other
catchments also investigated (1, Kakos;
2, Klados; 3, Kedrodasos; 4, Mavros).
Elevation data (Copernicus, 2021)
illustrate the high relative relief. Isobases
show uplift in western Crete associated
with the 365 CE earthquake, as
reconstructed from palaeoshorelines,
raised beaches, and archaeological data
(adapted from Kelletat [1991] and
Stiros [2010]). The location of the
previously studied Anapodaris catchment
(Macklin et al., 2010) is shown in the inset
figure, and lies outside the uplifted area.
(C) Bioerosional markers (‘notches’) and
other features at Sougia harbour (see
(B) for location) resulting from the 365 CE

uplift event. The markers can be tracked
along the cliff line and across the front of
large boulders (see upward-pointing
arrows). Uplifted, cemented ‘beach rock’
and the incised Kakos River provide
additional evidence of landscape response
to the event. A person (circled) at the foot
of the cliffs provides scale. Using
differential global positioning system
(DGPS) measurements of the bioerosional
markers and other indicators of uplift,
Werner et al. (2018) established co-
seismic uplift of 6.83 m at this location,
confirming previous estimates of 6 to 7 m
(Kelletat, 1991; Pirazzoli et al., 1982)
[Color figure can be viewed at

wileyonlinelibrary.com]
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over a land area in western Crete exceeding 6000 km2 (Pirazzoli

et al., 1996; Shaw, 2012; Shaw et al., 2008; Stiros, 2001, 2010;

Stiros & Drakos, 2006; Werner et al., 2018) (Figure 2B). Given typi-

cally steep offshore gradients (e.g., Gallen et al., 2014), regional uplift

resulted in an immediate baselevel fall (relative sea level lowering) for

catchments in south-western Crete, albeit to different magnitudes

(Figure 2B), thereby triggering river incision in the lower reaches. The

evidence of this event is recorded in the uplifted and abandoned har-

bour of Phalasarna on the west coast (Pirazzoli et al., 1996) and is

more widely preserved around the western Crete coastline as

palaeoshorelines characterized by bioerosive markers (‘notches’), algal
rims and raised beach deposits (e.g., Kelletat, 1991; Werner

et al., 2018) (Figure 2C).

Significantly, this uplift event set in motion a possibly unique

field experiment of channel and floodplain response potentially

similar to that described by Schumm and Parker’s (1973) laboratory

experiment. In many catchments, particularly those with reaches

underlain by erodible alluvial sediments, valley floor incision and

aggradation phases (‘cut-and-fill’ cycles) in the aftermath of the

uplift event have generated sets of terraces, particularly in the low-

ermost reaches (typically 1–2 km inland from the coastline). Hence,

the aims are of this article are to: (1) use geomorphological, sedi-

mentological, and geochronological investigations of alluvial sedi-

ments in uplifted catchments to constrain the patterns and timing

of river response following the uplift event; (2) compare the pat-

tern and timing of responses in these uplifted catchments to a

previously-studied catchment in south central Crete where

baselevel was not significantly affected by the earthquake (Macklin

et al., 2010); (3) evaluate whether the river responses can best be

interpreted as a ‘classical’ complex response (Schumm &

Parker, 1973) to the uplift event, or as a different form of

response resulting from uplift and other external (e.g., climate)

and/or internal drivers and dynamics. On the basis of our findings,

we then discuss the wider implications for field evaluation of river

response concepts derived from laboratory experimental studies in

particular, and suggest that progress in characterizing and anticipat-

ing catchment and river response increasingly will depend on a

healthy interplay between different investigative approaches.

2 | REGIONAL SETTING

The island of Crete (Figure 2A) has been subject to long-term

(Neogene and Quaternary), rapid uplift. Within the last 13 million

years, subduction and associated co-seismic processes have resulted

in cumulative net uplift of 2 to 3 km (Jolivet et al., 1996;

McKenzie, 1978; Meulenkamp et al., 1994; Werner et al., 2018), with

late Pleistocene rock uplift rates along the western and southern

coasts estimated at up to 1.2 mm yr�1 (Ott et al., 2019). Conse-

quently, Cretan catchments typically have high relative relief

(Figure 2B), and tend to be characterized by high-gradient, bedrock or

gravel-bed river channels that drain from mountainous headwaters

(elevations widely > 1000 m and locally > 2000 m) to narrow coastal

plains (Maas & Macklin, 2002; Maas et al., 1998; Macklin

et al., 1995, 2010; Tooth & Nanson, 2011). River valleys are typically

narrow and deep, particularly where resistant lithologies crop out.

Along the south central coast alone, over 40 rivers drain predomi-

nantly limestone gorges that commonly preserve morphological and

sedimentary evidence for Quaternary changes in sediment supply and

flow regime that have resulted from variations in tectonic activity

(including uplift, faulting, local subsidence, and seismic shaking), cli-

mate, and human land use (e.g., Booth, 2010; Bruni et al., 2021;

Maas, 1998; Maas & Macklin, 2002; Maas et al., 1998; Macklin

et al., 2010; Noble, 2004; Pope et al., 2008).

The area of the western Hellenic Trench System is characterized

by shallow earthquakes linked to extensional faulting of the overriding

plate, with deeper earthquakes being triggered by the movement of

the subducted plate (Taymaz et al., 1990; Werner et al., 2018). Since

the 365 CE earthquake, there have been no uplift events of this scale

in western Crete (Tiberti et al., 2014), but large and often devastating

earthquakes have continued to be common (Figure 3), with the

impacts commonly being recorded in historical documents

(AHEAD, 2021; Ambraseys, 2009; Detorakis, 1994; Noble, 2004).

Many prehistoric and historical seismic events – including the 365 CE

uplift event – have been associated with tsunamis that have impacted

on coastal areas in Crete and the wider Mediterranean

(e.g., Boulton & Whitworth, 2017; Scheffers & Scheffers, 2007; Shaw

et al., 2008; Stiros, 2010; Werner et al., 2018).

F I GU R E 3 Chronology of large (> 6.0 Richter
Scale) earthquakes within 50 km of the Cretan
coast. Earthquake dates (grouped in 100 year bins)
are from Ambraseys (2009), and magnitude data
for individual events (red diamonds) are from
AHEAD (2021) [Color figure can be viewed at

wileyonlinelibrary.com]
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Present-day climate in Crete is strongly seasonal; summers are

hot and dry, and winters mild and wet. Annual precipitation totals

and average temperatures are both strongly influenced by distance

from the coast and by the mountainous topography. Annual precip-

itation ranges from 440 mm at the coast and increases inland to

more than 2000 mm in some of the more mountainous regions

(Koutroulis et al., 2010, 2013). In coastal locations, average

monthly temperatures range from �11�C in January to around

�27�C in July, but decrease rapidly with altitude at a rate of �6�C

per 1000 m. At altitudes above �1000 m, much precipitation falls

as snow, and winter frosts are common. Currently, the majority of

Cretan rivers are ephemeral or seasonal, although a small number

are supplied by natural springs and can sustain low perennial flows

(Rackham & Moody, 1996). River flood events can result from

snowmelt, intense localized precipitation events (> 100 mm in 24 h)

and especially long duration winter storms, with more than 50% of

floods occurring in November and December in association with

daily precipitation maxima (Koutroulis & Tsanis, 2010; Koutroulis

et al., 2010). Changes in precipitation over decadal to centennial

time periods in Crete, and the frequency of floods and droughts, is

controlled by latitudinal shifts in the jet stream and storm tracks

(Xoplaki et al., 2004) as represented by the North Atlantic Oscilla-

tion (NAO) index. A negative NAO during the winter, associated

with southward shifts of storm tracks from western Europe

towards the Mediterranean, is connected with above normal pre-

cipitation over most of the Mediterranean region (Benito, Macklin,

Zielhofer, et al., 2015; Maas & Macklin, 2002).

During the Holocene, human activities have impacted the

Cretan landscape to varying degrees, with widespread changes to

natural vegetation cover resulting from land clearance for settle-

ments, the introduction of sheep, goats and cattle, and agricultural

practices (e.g., cultivation and managed burning) (Rackham &

Moody, 1996). For western Crete, regional pollen data (Jouffroy-

Bapicot et al., 2016) for the last 2000 years indicate a landscape

impacted by grazing and burning with three main periods: (1) ever-

green oak forest (before c. 850 CE); 2) heather maquis (c. 850 to

1870 CE); (3) an open landscape with dwarf scrubs and extensive

olive cultivation (c. 1900 CE to present). From the 20th century

onwards, over-exploitation of groundwater for irrigation has also

led to widespread water table declines. The impacts of these activ-

ities on hillslope sediment supply and runoff are locally significant

(e.g., Jouffroy-Bapicot et al., 2016). This is especially the case in

those parts of Cretan catchments underlain by more easily erodible

Neogene sediments such as the Messara Plain, where major agri-

cultural intensification led to accelerated fine-grained sedimentation

in the downstream Anapodaris Gorge during the mid-12th century

CE (Macklin et al., 2010). However, in the steepland catchments of

south-western Crete that tend to be underlain by more mechani-

cally resistant lithologies (e.g., limestones, phylitte quartzites), tec-

tonic activity, climatic fluctuations, and/or stochastic events

(e.g., mass movements) have been shown to be the primary con-

trols of major valley floor incision and aggradation phases (Bruni

et al., 2021; Macklin et al., 2010; Maas & Macklin, 2002;

Maas et al., 1998; Pope et al., 2008, 2016). Valley-floor vegetation

(e.g., maquis, phrygana, Cretan pine [Pinus brutia] and oleander

[Nerium oleander]) tends to be patchy and has had little influence

on these incision and aggradation phases (Maas & Macklin, 2002;

Macklin et al., 2010).

3 | METHODS

To investigate the impacts of the 365 CE uplift event on river

dynamics, a systematic field reconnaissance of all catchments in

western Crete was undertaken, with seven chosen for more

detailed geomorphological, sedimentological and geochronological

investigations (Booth, 2010) (Figure 2B). These catchments were

separated into those characterized in their middle-lower reaches by

dominantly bedrock rivers (Kakos and Kedrodasos), dominantly allu-

vial rivers (Heroktena, Rapanas and Stomiou), and alluvial fans

(Klados and Mavros) (Figure 2B; Table 1). In this study, we focus

particular attention on the three largest catchments with their

dominantly alluvial rivers (Heroktena, Rapanas and Stomiou)

(Figure 2B; Table 1). To enable a direct comparison with the exper-

iments of Schumm and Parker (1973), our detailed investigations

focused on the lowermost reaches (typically 1–2 km inland from

the coast, depending on catchment size and river gradient) that

were directly affected by the 365 CE uplift event and where alluvial

terraces are best preserved (Figure 4). The previously-studied

�500 km2 Anapodaris catchment (Macklin et al., 2010), located

�50 km east of the area uplifted by the 365 CE event was used as

a ‘control’ (Figure 2B; Table 1). This catchment was not signifi-

cantly influenced by the uplift but has experienced similar climate

and land-use histories as those catchments in western Crete

affected by the earthquake (Macklin et al., 2010). The Holocene

river terraces in the lowermost 4–5 km of the Anapodaris River,

including those post-dating the 365 CE earthquake, have been

securely dated using optically stimulated luminescence (OSL), radio-

carbon, and lichenometry (Macklin et al., 2010).

3.1 | Geomorphological mapping and survey

In each of the study catchments, geomorphological features on the

valley floor were mapped and topographically surveyed using a combi-

nation of differential global positioning system (DGPS) (Trimble R8

GNSS) and total station (Leica 1200) methods (horizontal accuracy �
1.5 mm, vertical accuracy � 3 mm). The principal geomorphological

features surveyed included the channel thalweg, breaks of slope

demarcating river terrace fronts, palaeochannels, alluvial fans, and the

locations of OSL dating sites. These surveys were coupled with exten-

sive sedimentological investigations, including logging of available

river terrace exposures and sampling of all suitable fine-grained sedi-

ment units for subsequent OSL dating (Figure 4). In these steepland

rivers, exposures of fine-grained sediment units are limited, typically

being restricted to local, < 1 m thick silt and sand interbeds between

coarser grained units (Figure 4). Terrace correlations were established

using a combination of morphostratigraphic (using topographic data)

and lithostratigraphic (sediment logs) approaches, and were subse-

quently field validated. All heights and upstream distances are mea-

sured from present day mean sea level as determined from the DGPS

survey.
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3.2 | Optically stimulated luminescence
chronology

A total of 13 samples was collected from the Rapanas, Stomiou

and Heroktena catchments for OSL dating. Samples were collected

using 50 mm diameter light-tight ABS Pressure Pipe Class C driven

into fine-grained (silt and sand) units (typically > 30 cm thick). Sam-

ples were treated with hydrochloric acid (HCl) to remove carbon-

ates and hydrogen peroxide (H2O2) to remove organic material, dry

sieved to obtain grains in the range 180 to 212 μm diameter (with

the exception of Irin8 and Rapa2 where grains of 150 to 212 μm

were used), and density separated using sodium polytungstate at

2.62 and 2.70 g cm�3 to isolate the quartz fraction. The resulting

material was then etched in 40% hydrofluoric acid for 40 min to

remove any feldspar contamination and to remove the outer alpha-

irradiated layer of the grains. The quartz grains purified by this

method were measured using blue light-emitting diodes (LEDs)

(470 nm) and a U-340 detection filter following a single aliquot

regenerative-dose (SAR) protocol (Murray & Wintle, 2000) including

a check for feldspar contamination (Duller, 2003). A dose recovery

test (given dose 6.0 Gy) at preheats varying from 160 to 300�C

for 10 s was undertaken on sample 129/Stom1. Aliquots were

bleached by exposing them to the blue LEDs for 200 s, pausing for

10,000 s to empty the 110�C thermoluminescence (TL) peak, and

then repeating the 200 s exposure to blue LEDs. Dose recovery

was within 10% of unity at preheats from 180 to 300�C, but

excellent precision and accuracy were seen for a preheat of 240�C

(dose recovery ratio of 1.03 � 0.03) and so this was used for all

subsequent measurements.

To characterize the distribution of apparent dose, typically 30 to

47 small aliquots (covering a circle approximately 1.5 mm in diameter

of the sample carrier and containing �30 grains of the sample –

Duller, 2008) were measured for each sample. The intensity of the

OSL response from these aliquots was highly variable, and as has been

shown previously, it is likely that the quartz OSL signal is dominated

by the emission from only one or two grains. The overdispersion of

the distribution was calculated, with values ranging from 7% for

Aber129/Irin8 to 84% for Aber129/Irin5. Where overdispersion was

20% or lower, the Central Age Model (CAM, Galbraith et al., 1999)

was used, but where overdispersion was 33% or higher the Finite

Mixture Model (FMM, Galbraith & Green, 1990) was used to calculate

the value of equivalent dose (De) used for age calculation (Figure 5;

Table 2), following the approach of Rodnight et al. (2005, 2006).

Radioactivity was measured on a finely milled portion of each

OSL sample, using thick-source alpha counting to determine uranium

(U) and thorium (Th) concentrations and a GM25-5 beta counter

(Bøtter-Jensen & Mejdahl, 1988) to determine the beta activity of the

sample. By combining these two datasets, the potassium

(K) concentration could be calculated (Table 2). The dose rate to the

quartz grains used for luminescence measurement was calculated

using beta counting data for the beta dose rate, and the U, Th and K

concentrations were used to calculate the gamma dose rate. The beta

and gamma dose rates were corrected for the grain size used for dat-

ing, the water content during burial, and the impact of etching with

hydrofluoric acid during sample pretreatment. The cosmic dose rate

was calculated based on the thickness of the overburden using the

equations given in Prescott and Hutton (1994). Environmental doseT
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rates for the samples varied from �2.1 to �3.4 Gy ka�1 (Table 2), and

the OSL ages for the samples were calculated by dividing the De by

the dose rate (Table 2), combining errors in quadrature.

3.3 | Dendrochronology

In the Stomiou and Heroktena study reaches, additional chronologi-

cal control was obtained using dendrochronology. Counting the

number of annual growth rings to determine the age of a tree on

an alluvial/colluvial surface is an accepted proxy for estimating the

minimum age of the underlying alluvial and/or colluvial deposits

(e.g., Maas, 1998). A tree borer was used to extract cores from

17 (Stomiou) and 15 (Heroktena) Cretan pine trees (Pinus brutia)

with circumferences varying from �10 to 280 cm that were grow-

ing on alluvial surfaces. The dark rings were counted to establish

the ages of the trees, which together with the tree circumferences,

were used to establish growth curves for each study reach. These

curves allowed tree circumference to be used as a proxy for age,

removing the need to core larger numbers of trees (Maas &

Macklin, 2002).

4 | RESULTS

Geomorphological maps, sedimentological logs, and surveyed longitu-

dinal profiles of the modern channel thalweg and terrace surfaces for

the Rapanas, Stomiou and Heroktena study reaches (Figures 6–11)

illustrate the spatial patterns and magnitudes of river incision and

aggradation over the last few thousand years. The OSL ages (and den-

drochronology ages for the Stomiou and Heroktena study reaches)

indicate the timing of these changes (Figures 6–11; Tables 2 and 3).

The OSL ages are consistent with the geomorphology and sedimentol-

ogy; the central ages for the higher elevation terraces are older than

the central ages for the lower elevation terraces, and where two ages

are available in vertical sequence, then the age for the deeper sedi-

ments is older (e.g., see Figure 8, log B).

In the Rapanas, Stomiou and Heroktena catchments, trunk chan-

nel incision has propagated at least 700–1400 m inland since the

365 CE uplift event, and channels have extended seaward 250–300 m

to below the 365 CE shoreline (Figures 6–11). Within these catch-

ments, and in many other smaller catchments uplifted during the

365 CE earthquake (e.g., Klados, Kakos, Kedrodasos, Mavros –

Table 1), the depth and inland limit of post-365 CE trunk and tributary

F I GU R E 4 Examples of terrace sediment exposures and optically stimulated luminescence (OSL) sample sites in the three dominantly alluvial
rivers: (A) Rapanas River (terrace RA1); (B) Stomiou River (terrace ST2); (C) Heroktena River (terrace HE0, with a capping flood unit
[palaeochannel fill] above the dotted line). OSL ages are given in years CE; see Tables 2 and 3 for OSL analytical data, descriptions of depositional
context, and corresponding ages in ka. For the location of the exposures, see the relevant sedimentological logs in Figures 6, 8 and 10 [Color
figure can be viewed at wileyonlinelibrary.com]

F I G U R E 5 Examples of the different
types of dose distributions seen in the
OSL data: (A) for Rapa1, the replicate
Demeasurements form a tight band
(overdispersion 8%) and were analysed
using the Central Age Model (CAM);
(B) for Stom3, the Devalues obtained for
different aliquots showed much greater
scatter (overdispersion 61%) and thus the
Finite Mixture Model (FMM) was used. In
both cases, the grey bar shows the value
determined using the model. This value is
given in Table 2 and was used in age
calculation

2184 MACKLIN ET AL.
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incision is typically controlled by bedrock that crops out or lies at shal-

low depth (a few metres) beneath the alluvial fills (Figures 7 and 9). In

the lowermost reaches of the Rapanas, Stomiou and Heroktena rivers,

three paired ‘cut-and-fill’ terraces (cf. Macklin et al., 2013) and minor

‘cut’ terraces are present (Figures 6, 8 and 10) and the cumulative net

depth of post-365 CE valley floor incision typically ranges from 4 to

4.6 m (Figures 7, 9 and 11).

In the lower Rapanas catchment, the longitudinal profiles of the

river terraces run parallel to the contemporary river bed upstream

from the 365 CE shoreline to a point �550 m inland where they start

to converge towards the channel bed (Figure 7). Downstream of the

365 CE shoreline, the terraces have higher gradients than the modern

Rapanas River. In the lower Stomiou catchment, post fourth century

CE terraces are generally parallel with the contemporary channel bed

F I G U R E 6 Geomorphological map of
the Rapanas study reach, showing the
distribution of terraces and other
geomorphological features (see Figure 8
for a common sedimentological legend).
Sedimentological logs show the OSL ages
(in years CE) in stratigraphic context (see
also Table 3) [Color figure can be viewed
at wileyonlinelibrary.com]
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up to c. 1 km inland, and then start to converge (Figure 9). Down-

stream of the 365 CE shoreline, terrace profiles diverge from the con-

temporary channel bed. In the lower Heroktena catchment, post

fourth century CE and earlier Holocene terraces diverge in elevation

from the contemporary channel bed upstream of the 365 CE shoreline,

while downstream of this palaeoshoreline, the post fourth century

CE river terraces show more of a tendency to converge towards the

channel bed (Figure 11). In the lower Anapodaris catchment, which

was unaffected by 365 CE uplift (Table 1), terrace profiles lie sub-

parallel to the modern convex thalweg and there is no apparent differ-

ence in morphology between pre- and post-365 CE terraces (Macklin

et al., 2010, their figure 6).

F I GU R E 7 Surveyed longitudinal profiles of
the modern channel thalweg and terrace surfaces
for the Rapanas study reach, also indicating the
associated terrace chronology in years CE (see
Table 3). In some locations, access restrictions
(e.g., private land) or dense vegetation prevented
a full survey of each terrace front. The inset figure
shows an extended long profile and illustrates the
steep offshore convex gradient (based on
Booth, 2010) [Color figure can be viewed at
wileyonlinelibrary.com]

F I GU R E 8 Geomorphological map of the Stomiou study reach, showing the distribution of terraces and other geomorphological features (the
sedimentological legend also applies to Figures 6 and 10). Sedimentological logs show the OSL ages (in years CE) in stratigraphic context (see also
Table 3) [Color figure can be viewed at wileyonlinelibrary.com]
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5 | INTERPRETATION

Since the 365 CE earthquake, no uplift events of this scale have

occurred in western Crete (Tiberti et al., 2014) and across the

island as a whole, large magnitude earthquakes were relatively

uncommon for many hundreds of years following the uplift event

(Figure 3). By contrast, various regional and local proxy records

reveal marked hydroclimatic fluctuations over the same timeframe.

In Figure 12, proxy records for temperature (O’Brien et al., 1995),

rainfall/wet phases (Jones et al., 2006; Jouffroy-Bapicot

et al., 2016), flooding (Jouffroy-Bapicot et al., 2021), and the inten-

sity and location of the North Atlantic jet stream and storm tracks

(NAO; Baker et al., 2015) are used to explore the relationship

between hydroclimatic fluctuations and river dynamics, most partic-

ularly following the 365 CE earthquake. For the lower Rapanas,

Stomiou and Heroktena rivers (this study), and the Anapodaris

River (Macklin et al., 2010), Figure 12(F) illustrates aggradation and

incision phases for the period leading up to the 365 CE earthquake

and for the �1650 years after the uplift event. The duration of

aggradation phases is denoted by coloured shading and is based

on OSL ages (error bar to one sigma) or dendrochronological ages

for the relevant mapped river terrace (Figures 6, 8 and 10). Incision

phases are identified on the basis of the mapped terrace relation-

ships and the beginning and end of an incision phase is marked by

vertical arrows with its probable time span indicated by horizontal

dashed lines. OSL ages (error bar to one sigma) and dendrochrono-

logical ages from river terraces provide either a terminus post

quem (aggradation phase preceded incision) or terminus ante quem

(incision occurred before aggradation phase) for these incision

phases.

In the centuries immediately prior to 365 CE, many rivers in south-

western and south central Crete, including those whose outlets were

uplifted by the earthquake (e.g., Stomiou and Heroktena) and those

that lay outside of the affected area (e.g., Anapodaris), were

experiencing aggradation during a multi-centennial period of warm,

dry climate, and a positive phase of the NAO (Figure 12). The 365 CE

tectonic event occurred during a regional drought that affected Crete

and much of the eastern Mediterranean (Jones et al., 2006; Jouffroy-

Bapicot et al., 2016).

These warm, dry conditions continued until c. 500–600 CE when

there was an abrupt shift over �50 years to a significantly wetter cli-

mate (Jouffroy-Bapicot et al., 2016) and a negative phase of the NAO

that began at c. 600 CE and continued until c. 730 CE (Figure 12B–D).

This shift to a wetter climate coincided with the Late Antique Little

Ice Age (Büntgen et al., 2016) from 536 to 660 CE, which was marked

by a notable cooling over most of the Northern Hemisphere. Well

dated palaeoecological records from Asi Gonia peat bog, located at

the eastern edge of the White Mountains (Lefka Ori) in western Crete,

show that wetter conditions continued until c. 950 CE (Figure 12C;

Jouffroy-Bapicot et al., 2016). A major, century-long period of

flooding centred on c. 800 CE is also recorded at Lake Kournas,

north-western Crete (Figure 12E; Jouffroy-Bapicot et al., 2021).

Following the 365 CE earthquake, incision in the Rapanas

(�4.4 m), Stomiou (�4 m) and Heroktena (�4.6 m) rivers only

occurred many hundreds of years later, coinciding with wetter, cooler

conditions and the negative phase of the NAO. Significantly, the

Anapodaris River – unaffected by the 365 CE uplift event – did not

experience valley floor incision at this time. Renewed valley floor fill-

ing occurred both in the Stomiou (�3 m) and Heroktena (�2.6 m) Riv-

ers towards the end of the eighth and beginning of the ninth

centuries CE, broadly coinciding with ongoing aggradation along the

Anapodaris River (Figure 12F). From the available field and geochro-

nological evidence, no aggradation appears to have been recorded

along the Rapanas River at this time (Figure 12F).

In the 14th century CE, valley floor aggradation occurred along the

Rapanas (�3.3 m) and Anapodaris (�0.75 m) rivers during a wet phase

(c. 1250–1450 CE) recorded in the Asi Gonia peat bog (Figure 12C;

Jouffroy-Bapicot et al., 2016) and in the flood frequency curve at Lake

Kournas (centred on c. 1450 CE). Aggradation was probably also occur-

ring along the Heroktena River, but no aggradation appears to have

been recorded along the Stomiou River at this time (Figure 12F).

During the 15th century CE, which coincided with the early part

of the Little Ice Age, there were very significant changes in hydro-

climate, with colder temperatures and a shift to a negative NAO index

that persisted until the beginning of the 17th century CE

(Figure 12A–D). With the possible exception of the Heroktena River,

all dominantly alluvial rivers in south-western Crete uplifted by the

365 CE earthquake, and the nearby but unaffected Anapodaris River,

F I GU R E 9 Surveyed longitudinal profiles of
the modern channel thalweg and terrace surfaces
for the Stomiou study reach, also indicating the
associated terrace chronology in years CE (see
Table 3). In some locations, access restrictions
(e.g., private land) or dense vegetation prevented a
full survey of each terrace front. The inset figure
shows an extended long profile and illustrates the
steep offshore convex gradient (based on
Booth, 2010) [Color figure can be viewed at
wileyonlinelibrary.com]
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experienced incision from 15th until the 18th centuries CE. Along the

Heroktena River, evidence for incision at this time is ambiguous, with

flood sedimentation on some of the higher surveyed terraces (HE0,

HE2) instead providing evidence for at least localized sedimentation

during individual large floods (Figures 4C, 10 and 11), before incision

occurred in the mid-18th century CE (Figure 12F). Along the lower

Rapanas, Stomiou and Anapodaris rivers, this incisional phase was

followed by relatively minor valley floor aggradation (�2–2.2 m) dur-

ing the mid to late 18th and early 19th centuries CE, coinciding with a

short humid phase recorded in the Asi Gonia peat bog (c. 1750–

1850 CE) and a predominantly negative NAO (Figure 12C-D). Along

the lower Heroktena River, valley floor aggradation appears to have

occurred slightly later (early 20th century CE). In the Anapodaris River,

major floods in the 1840s, 1880–1890s and 1920s are recorded in

the form of boulder berms and splays (Macklin et al., 2010), but the

vertical tendency of all these rivers in the latter part of the record has

been one of incision (Figure 12F).

The geomorphic impacts of the 365 CE earthquake on the

lower reaches of dominantly alluvial rivers (Rapanas, Stomiou and

Heroktena) in the uplifted region of south-western Crete can thus be

F I GU R E 1 0 Geomorphological map of the Heroktena study reach, showing the distribution of terraces and other geomorphological features
(see Figure 8 for a common sedimentological legend). Sedimentological logs show the OSL ages (in years CE) in stratigraphic context (see also
Table 3) [Color figure can be viewed at wileyonlinelibrary.com]
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F I GU R E 1 1 Surveyed longitudinal profiles of
the modern channel thalweg and terrace surfaces
for the Heroktena study reach, also indicating the
associated terrace chronology in years CE (see
Table 3). In some locations, access restrictions
(e.g., private land) or dense vegetation prevented
a full survey of each terrace front. The inset figure
shows an extended long profile and illustrates the
steep offshore convex gradient (based on
Booth, 2010) [Color figure can be viewed at
wileyonlinelibrary.com]

T AB L E 3 Summary of stratigraphic context and ages for the 13 optically stimulated luminescence (OSL) samples

Terrace
number

Height above
thalweg (m)

Depth below
surface (m) Depositional context

Age (ka) [OSL
sample]

Date
(CE � years)

Rapanasa

RA1 3.6 0.9 0.4 m thick, fine-grained unit between clast-

supported gravel

1.54 � 0.06 [Rapa1] 470 � 60

RA2 1.4 2.0 0.5 m thick, fine-grained unit between clast-

supported gravel

0.68 � 0.06 [Rapa3] 1330 � 60

RA3 1.8 0.5 0.8 m thick, fining upwards channel fill,

overlain by clast-supported gravel

0.20 � 0.01 [Rapa2] 1810 � 10

Stomioua

ST1 2.56 1.2 >1.0 m thick, fine-grained unit with local

boulders overlain by matrix-supported,

sub-angular gravel

1.71 � 0.18 [Stom4] 300 � 180

ST1 2.85 1.4 >0.4 m thick, fine-grained unit with local

gravel

1.34 � 0.15 [Stom6] 670 � 150

ST2 0.23 2.2 0.5 m thick, fine-grained unit between clast-

supported gravel

1.23 � 0.11 [Stom1] 780 � 110

ST2 1.73 1.1 0.4 m thick, fine-grained unit overlying clast-

supported, sub-angular gravel

1.14 � 0.08 [Stom3] 870 � 80

ST2 3.79 0.5 0.6 m thick, fine-grained unit burying ST1

sediments

0.88 � 0.08 [Stom5] 1130 � 80

Heroktenab

HE0 3.1 2.0 0.4 m thick, fine-grained unit overlain by

clast-supported gravel

4.09 � 0.19 [Irin8] BCE 2080 � 190

HE0c 5.1 1.0 0.4 m thick, fine-grained channel fill between

clast-supported gravel (capping flood

unit)

0.50 � 0.04 [Irin1] 1510 � 40

HE1 3.3 1.9 0.6 m thick, fine-grained unit overlying

matrix-supported gravel

1.97 � 0.54 [Irin6] 40 � 540

HE2 0.6 1.1 1.0 m thick, fine-grained unit between

matrix-supported gravel

1.16 � 0.06 [Irin7] 850 � 60

HE2c 3.4 0.5 0.3 m thick, fine-grained unit overlain by

clast-supported gravel (capping flood

unit)

0.26 � 0.02 [Irin5] 1750 � 20

aLuminescence ages given in thousands of years before measurement date of 2010 CE.
bLuminescence ages given in thousands of years before measurement date of 2008/2009 CE.
cYounger flood unit capping older terrace sediments.
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summarized as: (1) deep valley floor incision extended 700–1400 m

inland, but occurred hundreds of years after the 365 CE event; (2) the

delay in incision coincided with an extended period of regional

drought (hence, reduced river flow) that lasted until c. 500–600 CE,

but then there was a shift to wetter conditions that ultimately led to

incision; and (3) post-365 CE incision and aggradation phases have

been broadly synchronous, tracked regional hydroclimatic fluctua-

tions, and have resulted in the formation of three paired cut-and-fill

terraces along each river. When compared to the timing of incision

and aggradation in the nearby Anapodaris catchment unaffected by

uplift, the differences in the Heroktena, Rapanas and Stomiou records

suggest that river responses in these uplifted systems were strongly

conditioned by the earthquake for many hundreds of years, but with

the dynamics of all the rivers showing greater convergence in recent

centuries.

6 | DISCUSSION

A cursory examination of river terraces in the uplifted catchments of

south-western Crete, in the absence of geochronological control for

the terrace sediments, might support an interpretation that river

responses to the 365 CE uplift event show many morphological simi-

larities to the complex response trajectory demonstrated in Schumm

and Parker’s (1973) experimental study, where sets of paired terraces

formed in response to a single baselevel fall (Figure 1). Our detailed

geomorphological, sedimentological and geochronological investiga-

tions, however, indicate that such an interpretation would not fully

encompass the range of environmental factors that conditioned post-

365 CE terrace development. The available data are sufficient to dem-

onstrate clearly that river response to uplift (baselevel fall) has not

directly followed a complex response trajectory, at least not in the

form demonstrated in Schumm and Parker’s (1973) study (Figure 1).

Instead, uplifted dominantly alluvial rivers show a lagged incision

response that reflects the effects of multi-centennial drought,

followed by a direct response to short-term hydroclimatic changes

(Figures 6–12) that ultimately resulted in three, rather than just two,

sets of paired cut-and-fill terraces. Along these dominantly alluvial riv-

ers, post-365 CE channel incision and its propagation inland initially

took place during a period of wetter climate when flows were proba-

bly more regular and/or larger and more sediment was exported off-

shore. While the uplift event has an enduring legacy owing to the

permanent changes to baselevel, subsequent aggradation and incision

phases have coincided with short-term hydroclimatic fluctuations

(Figure 12). In summary, given our extensive field data, secure geo-

chronology, and existing independent climate proxy records, we have

been able to move beyond interpretations based solely on mor-

phostratigraphic examination of river terraces to reach a fuller, more

nuanced interpretation of river response.

To our knowledge, this multi-millennial, multi-catchment evalua-

tion of the applicability of Schumm and Parker’s (1973) stream table

experimental results is the first if its kind. The fact that the experimen-

tal results do not directly accord with the larger scale field reality in

Crete, at least not in a straightforward manner, is perhaps unsurpris-

ing. Schumm and Parker’s (1973) experiments were undertaken using

a uniformly sloping (0.0075 m m�1), moderately cohesive (sand, silt,

clay) substrate that offered limited resistance to erosion under a

steady supply of artificial rainfall and runoff. These pragmatically

designed experimental boundary conditions contrast with many real-

world, large-scale catchments that are characterized by different col-

luvial, alluvial and lithological units. By presenting varying resistance

to erosion, different units influence reach-scale gradients, stream

power expenditure and potential sediment supply, and thus modulate

the patterns, magnitudes and rates of incisional and aggradational

phases resulting from external influences. While the damped morpho-

logical response shown in Schumm and Parker’s (1973) experiment

might be replicated at a reach scale and over relatively short (sub-

centennial) time periods in smaller, relatively homogenous catchments

affected by periodic increases in sediment supply (e.g., Macklin &

Lewin, 1989; Nicholas et al., 1995), in larger, more diverse catch-

ments, greater divergence in morphological responses might be

expected. Indeed, in many of our study catchments in south-western

Crete, the depth and/or upstream extent of incisional phases – and

hence the generation of sediment for downstream aggradational

phases – commonly was limited by bedrock that cropped out on the

river beds as incision proceeded (Figures 6 and 7).

In addition, within larger, more diverse catchments, the reaction

and relaxation times (Graf, 1977) to a single, instantaneous baselevel

change are likely to be sufficiently long (i.e., minimum of decades to

millennia) that other external factors are highly unlikely to remain sta-

tionary, especially climate, as shown in our study (Figure 12). Schumm

and Parker’s (1973) experiment was designed in the context of trying

to improve knowledge of river system response and interpretations of

Quaternary fluvial sedimentary records to internal and external drivers,

but what was not anticipated at the time was the subsequent revolu-

tion in palaeoclimatic research (including substantial advances in dating

techniques) that increasingly have revealed evidence for high-fre-

quency, high-magnitude palaeoclimatic fluctuations on a range of time-

scales, including the mid to late Holocene (e.g., Mayewski et al., 2004;

Viles & Goudie, 2003). In many river catchments worldwide, including

those in Crete and the wider Mediterranean (Benito, Macklin, Zielhofer,

et al., 2015; Macklin et al., 2010), these palaeoclimatic fluctuations have

led to profound changes in flood and drought frequency–magnitude

relationships, as well as impacting directly and indirectly on sediment

supply. Indeed, over the last few decades, field studies of river sensitiv-

ity and resilience to the first-order and second-order effects of these

hydroclimatic fluctuations has revealed greater insights into the charac-

teristic lags, rates and feedbacks for different river systems worldwide

(e.g., Benito, Macklin, Panin, et al., 2015; Jones et al., 2015; Macklin et

al., 2006; Macklin, Fuller, et al., 2012; Macklin, Lewin, et al., 2012;

Toonen et al., 2017; Tooth, 2016, 2018). While there are many chal-

lenges to generating the requisite field data, especially establishing

secure geochronologies for river activity and cross-correlating with

independent proxy records, our study has shown that these challenges

are surmountable. Building on these earlier findings, a key message

from our study is that in any given catchment, the presence of multiple

river terraces should not be interpreted, by default, as evidence of com-

plex response. Complex response (Schumm & Parker, 1973) remains a

possibility, but the interplay between changing baselevel, hydroclimate,

and other environmental factors (e.g., land use) seems to confound the

likelihood of a ‘classical’ complex response scenario unfolding in many

larger, more diverse river catchments.

The challenges and limitations of upscaling laboratory experimen-

tal results to field reality were well appreciated by Schumm and
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colleagues (e.g., Schumm et al., 1987) but continue to provide a salu-

tary tale. Other examples of difficulties in attempting to match labora-

tory experimental results with field realities can be found. For

example, Holland and Pickup’s (1976) classic flume study of

knickpoint development in stratified sediment provided valuable

insights into controls, processes and rates of ‘stepped knickpoint’

F I G U R E 1 2 Comparison between
palaeoenvironmental proxy records and
river dynamics in the Rapanas, Stomiou,
Heroktena and Anapodaris study reaches:
(A) Gaussian smoothed (200 year) GISP2
potassium ion (K+; ppb) proxy for the
Siberian High (O’Brien et al., 1995);
(B) lake oxygen isotope (δ18O) records
from Nar Gölü (Lake Nar), Turkey,
showing changes in precipitation:
evaporation ratios (Jones et al., 2006;
Jouffroy-Bapicot et al., 2016); (C) wetter
climate phases inferred from sediment
loss-on-ignition (LOI) analysis and
accumulation rates for Asi Gonia peat bog,
White Mountains, western Crete
(Jouffroy-Bapicot et al., 2016);
(D) smoothed (10 year) variability in NAO
derived from a composite annual-
resolution stalagmite record (Baker
et al., 2015); (E) flood frequency curve for
Lake Kournas, north-western Crete
(Jouffroy-Bapicot et al., 2021); (F) OSL-

and dendrochronology-constrained
aggradation and incision phases. For
clarity, the 2080 BCE � 190 age (Irin8) for
the Heroktena study reach is not shown
(see Table 3), nor the older Holocene ages
for samples from the Anapodaris River
(see Macklin et al., 2010) but these
provide maximum limiting ages for the
first phase of aggradation; given the
absence of older dated terrace units,
similar constraints do not exist for the
Rapanas and Stomiou study reaches. The
duration of aggradation phases is denoted
by coloured shading based on OSL ages
(error bar to one sigma) or
dendrochronological ages from the
relevant mapped river terraces. Incision
phases are marked by vertical arrows with
probable time spans indicated by
horizontal dashed lines. OSL ages and
dendrochronological ages from river
terraces provide either a terminus post
quem(aggradation phase preceded incision)
or terminus ante quem(incision occurred
before aggradation phase) for these
incision phases [Color figure can be
viewed at wileyonlinelibrary.com]
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retreat and associated channel adjustment but field studies in more

complex sedimentological, lithological and structural terrain have indi-

cated much greater complexity (e.g., Bishop et al., 2005; Lamb &

Dietrich, 2009; Miller, 1991). From additional flume and fieldwork

(e.g., Gardner, 1983), many different styles of knickpoint development

are now recognized, with controls, processes and rates commonly

varying widely across catchments worldwide (Goudie, 2020). Similarly,

the results of laboratory ‘sand box’ experiments (e.g., Howard &

McLane, 1988) have been widely used to provide support for the idea

that groundwater sapping (seepage erosion) can lead to the develop-

ment of theatre-headed valleys on Earth and other planetary bodies

such as Mars (e.g., Hoke et al., 2004; Kochel et al., 1985; Laity &

Malin, 1985). The role of groundwater sapping has been implicated in

channel network development on a sub-kilometre or kilometre-scale

in some weakly consolidated sediments (Abrams et al., 2009; Schumm

et al., 1995) but application of the experimental results to explain the

origin of larger, theatre-headed valleys in more resistant bedrock has

been seriously questioned by subsequent fieldwork in various geologi-

cal settings (e.g., Irwin et al., 2014; Lamb et al., 2006).

Collectively, these and other examples draw attention to the diffi-

culties that are sometimes encountered in upscaling experimental

model insights across space and time to account for field phenomena.

Clearly, caution may need to be exercised when applying concepts

derived from laboratory experiments in an attempt to try and discrimi-

nate between external (allogenic) and internal (autogenic) signals in

river systems and their sedimentary records. Nevertheless, laboratory

experimentation, in addition to the results derived from other investi-

gative approaches (e.g., computational modelling) may still provide

valuable insights into potential catchment and river responses, and

environmental signal propagation and preservation under different

combinations of topographic, geological and hydrological conditions.

These insights might be very useful for exploring hypothetical scenar-

ios of past catchment and river responses where field data has not yet

been collected, or potential future response scenarios where the field

evidence is yet to be generated (e.g., Lotsari et al., 2015).

7 | CONCLUSIONS

Our multi-millennial, multi-catchment field experiment in south-

western Crete provides one of the first rigorous tests of the complex

response trajectory shown in Schumm and Parker’s (1973) classic lab-

oratory experiment of drainage system development. Following the

365 CE uplift event, all uplifted catchments did undergo valley floor

incision, but this incision only occurred hundreds of years later during

a period of wetter climate, while subsequent aggradation and incision

phases coincided with short-term hydroclimatic fluctuations. These

findings indicate that river responses following the 365 CE event have

not followed complex response trajectories in the form envisaged by

Schumm and Parker (1973). Furthermore, the number and age of

trunk stream incision and aggradation phases have been similar in

both uplifted and non-uplifted catchments, demonstrating that inter-

system correlations are possible when supported by high resolution

river terrace geochronologies. This divergence from Schumm and

Parker’s (1973) ‘classical’ complex response scenario can be explained

by the inclusion of additional factors in field studies, particularly when

river response is occurring at a large scale in catchments with

heterogeneous colluvial, alluvial and lithological substrates, and where

climate is non-stationary over the relevant response and relaxation

timescales.

Complex response is an enduring concept in fluvial geomorphol-

ogy, and might apply in specific field settings, such as over short

reaches developed in relatively homogeneous sediments. As shown

by its continued inclusion in relevant textbooks (e.g., Brierley &

Fryirs, 2005; Fryirs & Brierley, 2013; Gregory & Goudie, 2011;

Gregory & Lewin, 2014; Rhoads, 2020; Williams, 2014), complex

response also remains a concept that has great pedagogic value

(e.g., for teaching about possible catchment and river response to

external forcing), but its application in specific field contexts needs to

be tempered by awareness of how such responses are modulated by

the complexities of nature. Nearly 50 years after its initial proposal,

complex response can perhaps be characterized as conceptually neat

but empirically weak, as to our knowledge and prior to this study,

there have been no rigorous field demonstrations in multiple river

catchments of complex response in the form demonstrated by

Schumm and Parker (1973). The same point could perhaps be made

about some other long-cherished and newer ‘complexity’ concepts in
fluvial geomorphology, and in geomorphology more generally (see

Gregory & Lewin, 2015), particularly those concepts that cast doubt

on the likelihood of preserving coherent environmental signals in flu-

vial sedimentary deposits. Instead, conceptual advances and peda-

gogic developments in (fluvial) geomorphology are more likely to

result from rigorous, systematic evaluations of data derived from dif-

ferent investigative approaches, perhaps including comparisons

between laboratory experimental results and topographically and

geochronologically-constrained field data. We feel that this conclusion

is one that the late Ken Gregory – armed with his acute sense of geo-

graphical differences and field realities – clearly would have recog-

nized and appreciated.
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