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Abstract 

New Zea land ,  having large areas of h i l ly landscapes , is subject to the risk of soi l  

eros ion ,  and summer and autumn d roug hts that l im it pasture g rowth , wh ich in 

turn affects the l ivestock-based economy. The n itrogen and phosphorus input in 

fert i l isers coup led with l ivestock excreta and so i l  d istu rbance impose a ser ious 

threat to downstream water qual ity . The p lant ing of trees is one opt ion used to 

decrease soi l  erosion , increase the quantity of forage and manage runoff. 

To date , research has ma in ly focused on wide spaced poplar trees for feed 

qua l ity and their effects on understorey pasture g rowth . However, there is 

increasi ng i nterest in the use of densely p lanted wi l low and poplar for fodder 

purpose. The effects of young « 5 yrs old) wi l low and poplar p lanted at c lose 

spacing on runoff, soi l erosion , g rowth of understory pasture and n utrient losses 

have never been stud ied in New Zealand . 

Three field tr ia ls (two at Crop and Research Un it ,  Mog i n ie ,  Manawatu and one 

at R iverside Farm ,  Masterton)  were conducted between October 2004 and 

November 2006 that i ncorporated comparative estab l ishment and g rowth of 

densely p lanted wil low and poplar and their effects on soi l  moisture, runoff, 

sed iment load and nutrient losses from grazed and fert i l i sed farmland . 

It was concluded that densely planted wi l low and poplar (3-4 yrs) reduced tota l 

n itrogen (TN) and d issolved reactive phosphorus (DRP)  by 47 % each and 

sed iment load by 52 % .  Young trees reduced su rface runoff and so i l  moisture 

more as they aged . However, due to their deciduous nature wi l low and poplar 

were not effective i n  reducing surface runoff i n  winter and early spri ng .  Sheep 

p referred camping under trees , especial ly in late spring and summer, and th is 

led to g reater deposit ion of d ung and u rine under trees than open pasture .  

Sheep g raz ing , especial ly i n  winter, s ign ificantly increased sed iment a nd 

nutrient loads i n  runoff water. The N and P fert i l iser appl ication i ncreased 

nutrient load in runoff water wel l  above the threshold level requ i red to in itiate 

a lga l  growth to create eutroph ication .  



Densely p lanted wil low and pop lar  s ign ificantly reduced u nderstorey pasture 

g rowth by 23 % and 9 %, respectively, i n  their second year at Mog in ie , ma in ly 

due to shade, but coupled with soi l  moisture deficit i n  summer. The pasture 

g rowth i n  a wi l low browse block was 52 % of that in  open pasture as a resu lt of 

shade and d ifferences in pasture species composition .  Sheep browsing reduced 

wi l low leaf area s ign ificantly. Wi l low and poplar survival rates were simi lar (P > 

0 . 05) after two years of estab l ishment ( 1 00 % vs 90 .5  % ,  respectively ) .  

However, wi l low grew faster than poplar in height ( 1 .90 vs 1 . 35 m) ,  stem 

d iameter (43 .5  vs 32 .6 mm), canopy d iameter (69 vs 34 cm) and number of 

shoots (8 .7 vs 2 . 3) at the age of two years, respectively. 

The research clearly demonstrated that densely p lanted young wi l low and 

poplar trees can reduce runoff, sed iment load and n utrient losses from farm land 

to freshwater, but shade and soi l  moisture can l im it pasture g rowth under trees. 

It is recommended that wi l low and poplar should be planted at wide spacing on 

the whole farm to m in imise loss of pasture. Where b locks of trees a re 

necessary ,  such as wi l low browse b locks, sheep browsing can be used as a 

tool to red uce shade to improve pasture g rowth . Livestock access to r ipari an  

strips shou ld be min imal to  avoid l ivestock camping that can  have deleterious 

effects on water qual ity . 

Key words :  wi l low; poplar ; growth ;  n utrients; pastu re ; runoff; so i l  erosion ; so i l  

moisture ;  fert i l iser; water; sheep;  brows ing ;  camp ing . 
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Chapter 1 

1 .1 Background 

A sign ificant proport ion of New Zea land 's 27 m i l l ion hectares (Stats , 2006) is 

h i l ly or mountainous and one th i rd of the land area is above 1 000 m elevation 

(Toml i nson, 1 992) :  much of this area is subject to soil erosion .  Therefore, New 

Zealand 's rivers carry a staggering 400 mi l l i on tonnes of sed iment from the land 

to the ocean every year (H  icks & Griffiths , 1 992) . Rainfa l l  has been responsib le 

for massive sl ips a nd lands l ides, especia l ly i n  h i l l  country (Benn ,  2005; Korup ,  

2004) . Major sed iment-producing storms (> 1 50 mm)  occur on a regu lar basis 

(Page et a l . ,  1 994) . The March 1 988 Cyclone Bola and February 2004 storms i n  

Wanganu i-Manawatu a re examples of such storms .  Research has shown that 

tota l storm rai nfa l l  and storm sed iment th ickness are h igh ly correlated (Page et 

a l . ,  1 994) . A review on earthflows by Marden et a l . ,  ( 1 992) showed strong , 

coherent, spatial movement patterns with i n  i nd iv idual flows with surface 

velocit ies rang ing from 3 .6  to 20 .4 m y(1 i n  North  Is land , New Zea land .  

I n  New Zea land , agr iculture is the biggest land use with 54 % of the land a rea 

under grass (Stats , 2005) . Livestock (da i ry and beef catt le and sheep) a re 

g razed on these pastu res for most of the year . The deposition of d ung and ur ine 

from these an imals contributes to increased n utrient losses (N and P) in 

d ra inage and runoff waters that impa i r  fresh water qual ity (Hou lbrooke et a l . ,  

2004 ;  Hou lbrooke et a l . ,  2003 ;  Wi lcock et a l . ,  1 999). Furthermore ,  dung  

deposit ion from grazing an imals causes a s ign ificant i ncrease i n  the 

concentrat ion and load of harmfu l bacteria ( Fen lon et a l . ,  2000 ; McDowel l  et a l . ,  

2006a) .  So i l  d isturbance and  compaction by  an ima l  hooves can  affect soi l  

physical properties , increase soi l erosion (Nguyen et a l . ,  1 998) and P loss due  

to a decrease i n  aggregate stabi l ity (McDowel l  e t  a l . ,  2006b) . 

The N and P losses i n  surface runoff and d ra inage water are accelerated as a 

resu lt of fert i l iser appl ication  to h i l l  country (G i l l i ngham & Gray, 2006 ; G i l l i ngham 

& Thorro ld ,  2000; Ledgard et  a l . ,  1 999) .  The loss of P represents a potentia l  

hazard to surface water qua l ity lead ing to eutroph ication (Corre l l , 1 998 ;  

McDowel1 et  a l . ,  2004) wh i le N fert i l iser may a lso increase the n itrate 

concentrations in ground water thereby affecting d rink ing wate r qua l ity (Ledgard 
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et a l . ,  1 996) .  The d issolved forms of P such as d issolved organ ic phosphorus 

(DOP) and d issolved reactive phosphorus (DRP) in fresh water a re read i ly 

ava i lab le for uptake by algae and cyanobacteria and the i r  g rowth causes g reen 

turbid water with l imited transparency (McDowel l  & Koopmans, 2006) . The 

ecological value of eutrophic surface waters is reduced , making recreation less 

attractive and restrict ing the use of such water for fisheries , i ndustry, a nd 

d rinking (Sharp ley et al . ,  1 994) .  

Parts of New Zea land are also subject t o  severe d rought in  summer and 

autumn and future pred ict ions about the impact of c l imate change on drought 

frequency and severity are far from encouraging (Sal i nger, 2000). D roughts 

have serious economic impl ications for New Zealand (Tait et a l . ,  2005). For 

example, the costs of the d rought in 1 997-98 were estimated at $1 b i l l ion (Stats , 

2007) . Therefore , a lternative fodder sources especia l ly in  d rought p rone h i l l  

country are vital for future ag ricu ltural p roduction .  

Trees, especia l ly wi l low and poplar , when integ rated into a si lvopastoral 

arrangement can potentia l ly m itigate soi l  erosion ,  nutrient losses and forage 

shortage. Soi l eros ion ,  especia l ly landsl ides, occur when shear stress exceeds 

shear strength of the soi l , and tree p lant ing has been reported to improve soi l  

strength through root re-enforcement (Ekanayake et a l . ,  1 997 ;  Ekanayake et a! . , 

2004) .  An assessment of soi l conservation measures after Cyclone Bola 

revealed that trees substant ia l ly red uced physical damage caused by the storm 

compared with treeless catchments (H icks, 1 992) .  The question of "how much 

do trees reduce landsl id ing" was answered by Hawley & Dymond , ( 1 988) 

through computer processing of d ig ita l imagery appl ied to aerial photographs of 

h i l ls lopes on wh ich widely spaced trees and eroded scars were vis ib le . These 

authors estimated that landsl ide scars tended to occupy areas away from the 

trees and pred icted that trees p lanted on a 1 0  m g rid with 1 00 % estab l ishment 

could have red uced storm damage by at least 70 %.  S imi la rly, an investigation 

of the abi l ity of trees includ ing wi l low and poplar to contro l  soi l  erosion at 278 

sites has shown that both species have successfu l ly control led earthflows at 63 

% sites and gu lly erosion at 42 % sites in  New Zealand (Thompson & 

Luckman ,  1 993) .  Marden et a l . ,  ( 1 992) reported that earthflow rates were 2-3 
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fold less i n  forested land than open pasture .  However, the effect of trees on soi l 

erosion depends on tree age and spacing . For example, it has been reported 

that a tea tree stand on the East Coast reduced landsl ide damage by 65 % at 

the age of ten wh i le damage was reduced by 90 % when the trees were twenty 

years old (8erg in  et a l . ,  1 995) . 

The current trend of creating wi l low fodder b locks, encouraged by the 

Susta inable Farming Fund (SFF) Fodder Tree Project (Charlton et a l . ,  2003) is 

l ikely to increase the use of densely p lanted wi l low and poplar b locks (Doug las 

et a l . ,  2003; P itta et aI . ,  2006) , as opposed to the focus of previous research on 

widely spaced poplar (Douglas et a l . ,  2006 ; Guevara-Escobar, 1 999) .  The 

environmenta l effects of densely p lanted young « 5 yrs) wi l low and pop lar on 

understorey pasture q uantity and qua l ity, surface runoff, so i l  erosion and 

nutrient losses have not received any research attention i n  New Zealand . 

Therefore ,  th is thesis attempts to val idate the hypothesis that young , densely 

p lanted wi l low and poplar reduce soi l erosion and nutrient loss with only a 

manageable decrease i n  understorey pasture g rowth .  This research w i l l  be 

relevant to those contexts i n  which densely planted wi l low and poplar are l ikely 

to be employed includ ing ; as browse b locks on wet s lopes (often at the toe of 

steeper h i l ls ) ,  for h ig h ly erosion prone slopes and gu l l ies, and riparian strips .  

The genera l structure of the thesis is outl ined in F igure 1 . 1 .  

1.2 Objectives 

The specific objectives of this thesis are :  

( 1 )  Determine the effect of densely planted wi l low and poplar on so i l  moistu re at 

d ifferent depths .  

(2 )  Study the effect of densely planted young wi l l ow and poplar on understorey 

pasture g rowth with regard to shade and soi l  mo isture . 

(3) Quantify the impact of wi l low and poplar on surface runoff, soi l  erosion a nd 

nutrient loss . 

(4) Determ ine the effect of wi l low and poplar on nutrient losses I n  d ra i nage 

water. 
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(5) Determine the effect of sheep g razing on sed iment and nutrient loss i n  a 

densely planted wi l low-poplar based s i lvopastora l system.  

(6 )  Study the effect of  fert i l iser app l ication on nutrient losses i n  runoff and 

d ra i nage i n  a densely p lanted wi l low-poplar based s i lvopastoral system . 

(7) Compare wil low and poplar establ ishment and growth when p lanted 
densely. 
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Chapter 1 
General introduction 

Chapter 2 
Literature review 

Chapter 3 
Establishment of densely 
planted willow and poplar 

and their effect on 
understorey pasture 

growth 

Pasture growth in a willow 
L::: Chapter 4 

browse block 
-

Chapter 5 
Effects of densely planted 

willow and poplar on 
runoff, sediment and 

nutrient losses 

-

Chapter 6 
General discussion and 

conclusions 

Figure 1 .1 Outl ine of  the Thesis .  

The issue of  soil erosion and droughts are 
highlighted from New Zealand perspective. The 

lack of information on the effects of densely 
planted young willow and poplar on understorey 
pasture, soil moisture content and downstream 
water quality is identified. The hypothesis and 
specific objectives for this thesis are set out. 

• 
Willow and poplar species used in the study are 

described and overall trees effects on 
understorey pasture growth, soil moisture 

content, runoff and soil erosion are reviewed. 
The effects of Nand P fertilisers and livestock 

grazing on water quality are discussed. 

• 
In this preliminary study the establishment and 

growth of densely planted willow and poplar was 
monitored and their effects on soil moisture 

content and understorey pasture were 
quantified. The research was conducted in a 

somewhat 'controlled' situation i.e. where 
hydrology was relatively simple and well 

understood. 

• 
The research in this Chapter was conducted at a 
site where densely planted willow may have an 
important future i .e.  a wet area at the base of a 
steeper slope. Here, hydrology was much more 

complex. Pasture growth and soil moisture 
contents in a willow browse block were studied 

and compared with rotationally grazed open 
pasture. The effects of sheep browsing in late 

spring on willow leaf area development are 
studied and its implications for soil moisture and 

understorey pasture qrowth are discussed. 

• 
Soil moisture contents, sediment and Nand P 
losses in surface runoff are studied from two 

experiments. First experiment was conducted on 
densely planted ( 1 . 2  x 1.2 m spacing) 3-4 years 
old willow and poplar trees on a hydrologically 
simple situation while the second experiment 
was conducted on coppiced willow at a site 
where hydrology was much more complex. 

Results from both experiments are compared 
with open pasture environment. 

• 
The major findings from chapter 3, 4 and 5 are 
discussed and general conclusions are drawn. 
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2 .1 Introduction 

Wil low and poplar are a common feature of the pastoral landscape in h i l l  

country ,  New Zealand . Severa l co-operative studies i nvolving the Min istry of 

Ag ricu ltu re and Fisheries and the Forest Research I nstitute led to the 

commencement of ag roforestry i n  the late 1 960s in New Zealand (Granel et a I . ,  

2002; Hawke , 1 99 1 ; Kl i ngensmith & Vancleve, 1 993) . The Resource 

Management Act (RMA) 1 99 1 , p romotes susta inab le management of natu ra l  

resources and demands reg ional counci ls to provide g reater regu latory control 

over water q ual ity , making it ob l igatory to take p ractical steps for so i l  

conservation (Selvarajah ,  2003) . 

Tree planting is widely encouraged for sustainab le management of pastoral 

land due to their mitigating propert ies (Mead , 1 995) . N utrient losses to surface 

water from soi l  under s i lvopasture a re smal ler than those under treeless pastu re 

because of g reater nutrient uptake by the trees (Na i r  & Ka lmbacher, 2005) .  

However, trees interact with other components of a s i lvopastoral system 

through a variety of mechan isms (Sharrow, 1 999) that lead to many advantages 

and d isadvantages and make th is system d ifficult to design and manage. 

This l iterature review is i ntended to explore the ava i lab le i nformation regard ing 

tree pastu re systems and its environmenta l imp l ications .  Section 2 .2 describes 

wi l low and pop lar species and their d istr ibution around the wor ld .  It also g ives 

an overview of wi l low and poplar use under New Zea land cond itions. Sect ion 

2 . 3  and 2.4 g ive a brief i ntroduction to some environmenta l  effects of trees i n  a 

tree pasture system includ i ng pastu re production and soi l  water use, wh i le 

sect ion 2 . 5  is about the soi l  eros ion status i n  New Zea land h i l l  country. 

Sect ion 2 .6 and 2 .7  focuses on the importance of P and N to the soi l-tree 

system and thei r  losses through soi l erosion , surface runoff and d ra inage .  This 

sect ion a lso add resses the environmenta l  impl ications of P and N fert i l isation 

and an ima l  g razing in a s i lvopastoral system. Section 2 . 8  d iscusses the effect of 

landuse (part icu la rlyy those i nvolv ing trees) on sed iment and nutrient losses. 

The effects of an imal tread ing on the soi l physical and chemica l  p roperties that 
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could a lter surface runoff and d ra inage a re d iscussed in  section 2 .9 .  F ina l ly, 

section 2 . 1 0  summari ses the find ings in  the rev iewed l iterature. 
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2.2 Wil low and Poplar 

2 . 2 . 1  D istr i bution a n d  species 

Wil low and poplar a re the dominant members of genus Salix and Populus in the 

Salicacae fam ily, respectively . The temperate and cold reg ions of the northern 

hemisphere are the natura l  habitat of the genus Populus (Van Kraayenoord , 

1 993) and Salix . However, Salix i s  more widely d istr ibuted than Populus and 

occurs natura l ly in  the southern hem isphere as wel l  (FAO, 1 979) .  

There are more than 35 species in the genus Populus i nc lud ing aspens and 

cottonwoods (Bean ,  1 977) .  The North American species with the exception of 

P. balsamifera are denominated as aspens and cottonwoods (Kennedy, 1 985) .  

Poplar are fast growing trees and are ind igenous to China, Europe and North  

America (Ou e t  al . ,  1 997; Reid & Wi lson, 1 985) . Genera l ly, pop lar requ i re 

moderate levels of soi l  water for their g rowth (M i l ler & Wilk inson ,  1 995) . 

S imi larly, wi l low prefer moist and cool s ites and are usual ly found in  wetland 

commun ities . Christchurch Botan ical gardens imported over 60 species and 

varieties of wi l low from Kew Gardens in 1 937, and they were establ ished widely 

throughout New Zea land for soi l  conservation pu rpose (Wi lk inson, 1 999) .  

2 .2 .2  Disti n g u is h i n g  featu res 

Wil low and poplar share many characteristics and belong to the same fam i ly 

(Salicacae) , yet they belong to d ifferent genera because of some d istingu ish ing 

features (Table 2 . 1 ) . 

T b l  2 1 Th d ·  f . 
h ·  f t a e e IS IngUls Ing ea ures 0 f th e genus P I opu us an d S  r a IX . 

Poplar Wi l low 

Leaves Triangular-lozenge shaped, Sometimes Always long; oval, oval lanceolate. 
round or lanceolate. Long petiole. Foliar Short petiole. Uniform in shape. 
polymorphism. 

Shoots Circular or angular. Pith cross-section Circular. Pith cross-section circular. 
pentagonal. 
Before leaves. Catkins pendulous. Before or after leaves. Catkins 
Flowers: Oblique perianth, cup shaped erect Flowers: Perianth usually 

Flowering without nectarines. Stamens numerous, absent but 1 or 2 nectarines 
5 to 50, with usually reddish anthers. (pollination by insects). Stamens 

few, 2 to 8, with usually yellow 
anthers. 

Adapted from: (FAO, 1 979) 
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2.2.3 Means of p ropagation 

2.2. 3 . 1  Natura l  ferti l i zation 

Wil low and Poplar are d ioecious woody plants (FAO, 1 979) and can reproduce 

by sexua l  and asexual means. The male and female flowers are qu ite smal l  and 

are produced on separate trees (Bean ,  1 977) ,  packed into catk ins (Kennedy, 

1 985) .  Wi l low and poplar can also hybridise. Populus deltoides remains the 

most widely p lanted (FAO, 1 979) and hybrid ised species in  the genus. Wind 

pol l inat ion is common in P. deltoides whi le the seeds can also d isperse through 

wind and water. Most species of wi l low introduced to New Zea land comprise of 

a s ingle sex. Therefore , sexual reproduction happens between male of one 

species and female of another species (Harman ,  2004 ) . 

2.2.3.2 Vegetative means 

Wil low and poplar are known for their ease of vegetative propagation compared 

to other trees planted on pastoral land (Hathaway, 1 973; Thompson & 

Luckman , 1 993) .  The h igh establ ishment success and the poss ib i l ity of q u ick 

resumption of g razing fol lowing plant ing (Wi lkinson, 1 993) make these species 

most su itable for a s i lvopastoral system .  In New Zealand ,  three stock types are 

used for poplar establ ishment; poles (3 m) ,  rooted cutt ings from trees usual ly 

1 . 5-2 m long and , 1 m stakes (Stace , 1 996; Van Kraayenoord & Hathaway, 

1 986) . Poles and stakes don't have the roots at p lanting t ime. A pole is rammed 

to 1 m depth (Wardrop ,  1 996) whi le a cutting is planted at 25-35 cm depth 

(Evans, 1 973) .  

Wil low and poplar are estab l ished conven iently us ing either rooted or  unrooted 

stem cutt ings (Shelton, 1 994) . However, the use of unrooted stem cutt ings as a 

p lant ing stock is now more widely practised for wi l l ow and poplar .  The un rooted 

cutt ings of wi l low (Salix matsudana x alba and S. kinuyanagi) produce as much 

fol iage as the rooted cuttings , the former being cheaper to estab l ish (Oppong ,  

1 998) and easy to hand le .  Stem cutt ing size affects the estab l ishment and 

g rowth of any species. Douglas et a l . ,  (2003) repo rted h igher tota l shoot d ry 

matter, regrowth shoot length and canopy width for wi l low from 2 m poles than 

1 . 1 m stem cuttings at a cutting height of 0 . 5  m and above. 
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2.2 .4 

2.2.4.1  

Description of wi l low a n d  poplar s pecies used i n  th is 

study 

Ta ngoio wi l low 

Salix matsudana Koidz. x alba L. clone Tangoio is the most d rought-tolerant of 

a range of hybrid tree wi l low developed in New Zea land (McCabe & 8arry, 

1 988) and has been selected for shelter and soi l conservation pu rposes 

(Hathaway, 1 986a) .  Tangoio was released in 1 980 for farm and horticu ltu ra l  

shelter , coded as NZ 1 040 (Doug las et aI . ,  1 996) with a relatively narrow crown 

(Plate 2 . 1 ) . 

P late 2 . 1  Tangoio wi l low growing at the Mogin ie block, Massey Univers ity, 
Palmerston North, New Zea land 

This species can be establ ished on h i l ls ides and can susta in high wind 

pressu re .  The fol iage is palatable to sheep , goat and cattle (McCabe & 8arry , 

1 988) and can be g rown on a short rotation coppice system.  L ike Salix 

kinuyanagi, Tangoio also l i kes moist s ites but can perform wel l  under d ry 

conditions as wel l .  The edible d ry matter production after 1 . 5 years of plant ing 
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has been reported as 1 . 1 2  t OM ha- 1 and 0 .3  t OM ha-1 for mo ist and d ry sites, 

respectively (Doug las et a I . ,  1 996) . 

2 .2.4.2 K i n uyanagi wi l low 

Salix kinuyanagi, a leafy osier type wi l low (Sl u i ,  1 990) ,  orig inated from Korea 

(Oppong ,  1 998). However, its introduction to New Zea land was via the U n ited 

Kingdom as a sing le male clone coded PN 386 (Doug las et a l . ,  1 996) . Th is 

species is potential ly su itable for grazing on flat to gently slop ing terra i n .  It tends 

to be a smal l  spreading tree with leaves that are si lvery underneath ( P late 2 .2 ) .  

Plate 2.2 Kinyoyanagi wi l low growing at Massey Un iversity' s Riverside farm , Near 
Masterton, New Zealand .  

The forage has relatively h igh  l i gn in  content (67-95 g kg-1 OM) with moderate 

n itrogen  content (21  g N kg-1 OM) (Doug las et aI . ,  1 996) .  Salix kinuyanagi 

develops h igh condensed tann i n  content that affects its palatab i l ity , especia l ly 

d u ri ng m id su mmer (Oppong et a l . ,  1 996) . This species g rows fast in  moist 

cond it ions compared to dry sites. The d ry matter production after 1 . 5 years of 
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p lant ing ca n reach up to 1 . 7 1  t DM ha-1 and 0 . 1 4  t DM ha-1 for moist a nd d ry 

sites, respectively (Oppong et a! . ,  1 996) .  

2.2.4.3 Veronese poplar 

Veronese is a P. x euramericana hybrid b lack poplar that was orig inal ly 

imported from Italy. Veronese is a straight stem tree with a narrow crown (P late 

2 . 3) .  Growth is fast and the tree ca n attain a max imum height of 30-40 metres. 

Veronese is wind tolerant and p refers open sites where it is less l ikely to get 

rust d u ring a humid period . It is not as palatable to possums as some other 

c lones. Veronese ex h ib its spectacular leaf co lour  at fl ush ing .  It can to lerate 

d rought better than many other poplar .  Veronese is a useful so i l  conservat ion 

tree due to its potentia l to establ ish a nd g row wel l  on more exposed sites. It is 

a lso usefu l for shelter and amen ity due to its wind to lerance and uprig ht form 

(H BRC ,  2006) . 

Plate 2 .3  Veronese poplar growing at the Mogin ie block, Massey Un iversity, 
Palmerston North ,  New Zea land .  

1 9  



Chapter 2 

2 .2.4.4 Dudely poplar 

Dud ley is a hybrid of P. deltoides X P. nigra and is a male clone (Plate 2 .4) 

used commonly on the East Coast reg ions for soi l  stabi l isation where its lower 

resistance to rust is not so important. It has only a few heavy b ranches so is not 

so vu lnerable to wind l i ke some other clones with heavier branching . However, 

these trees can cope with d rier sites and a re used more at l ower a lt itudes . I ts 

fast g rowth ,  upright form , narrow angle between branch and trunk ,  and d rought 

resistance are the acceptable attr ibutes for fodder and soi l conservation ( I .  

Mclvor, Scientist, HortResearch ,  Palmerston North ,  personal commun ication) .  

Plate 2 .4  Dudely poplar growing at  Mogin ie block, Massey U nivers ity, Palmerston 
north, New Zealand .  

2.2 .5  P u rpose o f  pla nti ng wil low a n d  poplar i n  N e w  Zea l a n d  

Since wi l low and  poplar are exotic to  New Zea land , their i ntroduction is based 

on the need for fast g rowth ,  soi l conservation ,  shelter for l ivestock and fodder 

requ i rements in extreme d roughts. P. deltoides (cottonwood) and P. nigra 

'Ita/ica ' (Lombardy) were fi rst introduced to New Zea land between 1 840 and 

1 850 (Van Kraayenoord , 1 993) . 
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2.2 .5 .1  Soi l  conservation 

I n  New Zealand, large  areas of agricu ltura l  land are susceptib le to erosion 

(Kel l iher et a I . ,  1 995) , mostly due to forest clearing for agricu lture .  P lant ing of 

conservation trees, pa rt icu larly wi l low and poplar , has been used as a too l  to 

cope with th is situation and to mainta in  pastora l farm i ng (M i l ler et a I . , 1 996; 

NZMF . ,  1 995) .  I n  New Zealand , P. nigra and P. deltoides have been i ntrodu ced 

ma in ly for soil conservation and amen ity purposes (M i l ler & Wilk inson , 1 995) . 

Wi l low and Poplar are widely used for erosion control on unstab le h i l ls ides 

(Plate 2 . 5) due to ease of vegetative propagation ,  estab l ishment, fast g rowth ,  

and extensive root system that can read i ly stabal ise large soi l  masses 

(Wi lk inson, 1 999) . In h i l l  country , sl ips and s l ides occur when the soil has a 

large water content. Rapid d ischarge of soi l  water can s ign ificantly reduce the 

extent of soi l  erosion . Relat ive to pasture, tree wi l low and poplar can remove 

large quantit ies of soi l  water through evapotranspiration (Wi lkinson , 1 999) :  th is 

characteristic makes these species su itab le for so i l  erosion contro l .  

Trees reduce the erosive impact of ra infa l l  through reinforcement of  the so i l  

(Ekanayake et a l . ,  1 997) , removal of excess so i l  water and ra infa l l  inte rception .  

I n  New Zealand , wi l low and poplar a long with Pinus radiata are extensively 

used for erosion control (Fransen & Brown l ie ,  1 995) .  However, the p lant ing 

intensity and method of app l ication d iffers between these species. P. radiata 

has been p lanted as b lock or b lanket forestry (Maclaren ,  1 993) due to 

commercial interest and well establ ished t imber markets wh i le wi l low and poplar 

tend to be restricted to smal l  b locks where they are widely spaced (H icks, 

1 995; NZMF . , 1 995) , However, trees and g rass cover both contribute 

s ign ificantly to the reduction  in soi l erosion (Selvarajah ,  2003) .The influence of 

the trees in reducing soi l moisture over the g rowing season extends the 

capacity of the soi l to absorb water d ur ing the wetter autumn and winter months 

when p lant water use is very low and r isk of e rosion is h ighest (Mc lvor  et a l . ,  

2003) . 
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Plate 2 .5  Stabal is ing h i l ls lopes with poplar in  New Zealand . 

Adapted from :  httpJ/www. horizons .govt. nz/images/Popla r%20&%20Wi l low.pdf 

2.2 .5 .2  Fodder blocks 

I n  many parts of New Zea land ,  farmers face a severe feed shortage for the i r  

l ivestock du ri ng  summer due to reduced pasture yiel d .  Drought can l im it the 

l ivestock p roduction on many pastora l farms especia l ly in  the East Coast 

reg ions of G isborne, Hawkes Bay, Wai rarapa , Canterbu rry and North Otago. 

These reg ions face severe summer/autumn d roughts eve ry seven to ten yea rs 

and future c l imatic pred ictions ind icate further severity of d roughts on New 

Zea land's East Coast (Sal inger, 2000) . 

Some varieties of trees and shrubs are wel l  recogn ised as  val uable sources of 

feed for g razing or browsing l ivestock du ring the extreme c l imat ic cond itions 

that l imit pasture g rowth (Sankary & Ranjhan ,  1 989) .  In New Zealand ,  wi l l ow 

trees have been used successfu l ly as a source of fodder for sheep and cattle 

du ring summer/autumn feed shortages (Moore et a l . , 2003) .  Wi l low, such as 

Salix malsudana x alba, are valuable trees to supplement forage for stock 

du ring summer in d ry areas (Douglas et a l . ,  1 996). Ed ib le forage ( leaf and stem 

material < 5 mm in d iameter) yields of 2 .6-7 . 1  t OM ha-1 y(1 and 65% 
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d igestib i l ity have been reported for Salix matsudana x alba (Hathaway, 1 986b; 

Hathaway, 1 986c; McCabe & Barry ,  1 988) .  

The pa latab i l ity of wi l low decreases with increase in  tree height due to an 

i ncrease in  condensed tannin concentration , whi le tree s ize has no effect on 

protein  concentration (Albrectsen et a l . , 2004) .  However, the level of tann in  

concentration d iffers between Salix species . Oppong ( 1 998) reported h ig her 

tota l tann in  concentration for S. kinuyanagi (255 g kg-1 OM) compared to S. 

matsudana x alba (60 g kg-1 OM) .  Although wi l low a re deciduous, they can 

retai n  g reen fol iage for 6 . 5  months that can be uti l ised du ring the summer (Plate 

2 .6) feed shortage (Oppong , 1 998) .  The leaves of S. kinuyanagi and S. 

matsudana x alba also retain  the recommended level of n itrogen ( 1 7  g N kg-1 

OM) for an  adequate d iet for a lactating ewe rearing a lamb (Oppong , 1 998) .  

Sheep preferences for S. kinuyanagi and S. matsudana x alba depend on the 

season (Stace , 1 996) . The S. matsudana x alba i s  preferred for browsing in 

summer rather than autumn whi le the reverse is true for S. kinuyanagi (Oppong , 

1 998) .  

A comprehensive study by McWi l l i am ,  (2004) on the effect of wi l low and pop lar  

supplementation on the reproductive performance of ewes showed that poplar  

trimmings are beneficial for increasing the reproductive rate of  ewes g razing 

d rought pasture during the pre-mating and mating periods .  It was a lso reported 

that poplar supplementation increased intakes of OM ,  metabol isable energy 

(ME) and crude protein  (CP) .  The CT content of  poplar was h igher at  7 g kg- 1 

OM compared with 1 . 5 g kg-1 OM in  pasture. Increased prote in  absorption due 

to the CT content enhanced the ewe reproductive rate from poplar 

supplementation .  

Kemp et a l . ,  (200 1 )  also reported that poplar and  wi l low tree fodder i s  superior 

in  nutritive value to typical h i l l  pastures in  d ry summers . Wi l low supp lementation 

can a lso reduce the l ive weight loss of beef cattle u nder prolonged d rought 

cond it ions and can be used as a read i ly avai lable and low cost d rought 

supplement (Moore et al . ,  2003) . 
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Plate 2 .6  Wi l low fodder block ready to  be grazed during a summer drought period at 
Massey Un iversity's Riverside Farm near Masterton ,  New Zealand.  

2 . 2 . 6  W i l low a n d  popla r-pasto ra l system i n  N ew Zea la n d  

Si lvopastoral ism a ims at the  i ntegration of trees, pasture,  and grazi ng 

herbivores for a combined prod uction benefit that is g reater than the value of 

any component ind ivid ual ly .  However, the real benefit from si lvopastoral 

practices can on ly be real ized throug h better u nderstand ing of the prod uction 

requ i rements of each component (Ga rrett et a I . ,  2004) .  

Si lvopastoral ism is  an old practice in  Europe (Braziotis & Papanastasis, 1 995) 

but in  New Zea land,  this form of ag roforestry was not formal ly considered u nt i l  

1 969 ( H awke & Knowles, 1 997) .  Populus and Salix are commonly p lanted in 

si lvopastora l arrangements i n  New Zea land (Stace, 1 996) .  New Zea land is 

probab ly the one of the few places i n  the world where poplar are planted on 

h i l lsides (Wi lk inson ,  1 993) .  

In New Zea land , wi l low and poplar are p lanted on pastora l land u nder two 

d ifferent systems that d iffer i n  objectives. Fi rstly, wi l low and poplar are planted 
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i n  h i l l  country at a low density. The purpose of th is k ind of pastoral system is to 

control soi l  erosion and p rovide shelter to the an imals .  Secondly ,  wi l low and 

pop lar  are planted at very h igh density to create coppice fodder b locks. Such 

b locks are browsed at a height of 0 .3 to 1 .3 metres (McWi l l iam , 2004) a few 

t imes annua l ly ,  especial ly in  summer when d rought causes serious shortage of 

pasture . 

I n  h i l l  country, the wide space planting of wi l low and poplar su its farm 

operations. Trees are p lanted at low densities of 25 to 1 50 stems ha-1 (Wal l  et 

a I . ,  1 997 ;  Wi lk inson, 1 999) which have proven sufficient to control soi l  erosion 

through ra in  interception and provid ing a subsurface root network that helps soil 

b ind ing and reduce s l ips .  The management of a wi l low-poplar-pasture system 

i nvolves protection of ind iv idua l  poles from farm l ivestock for up to three years 

us ing fencing and/ or plastic sleeves to avoid their p roduction potential being 

compromised (Charlton et a l . , 2003; Wi lk inson ,  1 999) .  Sheep , catt le, deer and 

rabbits tend to damage/ring-bark young trees. The nylon sleeves help prevent 

such damage whi le fencing is ideal to reduce damage from mature catt le .  

The low density wi l low and poplar p lant ings in  h i l l  country provide opportunity 

for farmers to feed their an imals at a t ime of feed shortage. Such a system 

offers several feed ing opt ions. Trees can be mechanica l ly pruned to a des i red 

he ight and lower branches and fol iage can be fed to the animals .  Trees 

between five to ten years can be pol la rded beyond the cattle browsing height of 

2 . 0  to 2 . 5  m (Charlton et a I . , 2003) . Pol lard ing forms a 'p run ing nest' that a l lows 

farmers easy access for prun ing .  Pol lard i ng has the added benefit of reducing 

shad ing impact on pasture g rowth (Douglas et a l . , 200 1 ) . Fal l ing leaves in 

summer can also be usefu l feed for farm an imals du ring d rought periods .  Trees 

shed leaves prematurely in times of d rought to counter rapid transpiration loss 

through leaves and these leaves provide fodder that is much needed du ri ng 

d rought (McGregor et a l . ,  1 999) .  The fresh fal len leaves a re palatable compared 

to the pastu re avai lable at that time. Mature poplar trees (> 30 years) p lanted at 

low density (37 stems ha-1 ) can p roduce up to 84 kg OM tree-1 equating to 3 . 1  

tonnes O M  ha-1 of fa l len leaves (Guevara-Escobar, 1 999) .  Simi larly, Kemp et 

a l . ,  (200 1 )  measured 9 .5 kg and 7 . 5  kg ed ib le OM ( leaves + stem � 5 mm) from 

25  



Chapter 2 

seven-year-old Tangoio wi l low (S. matsudana x alba) and Veronese pop lar (P. 

deltoides x nigra) trees g rown on Wairarapa h i l l  country ,  respective ly . 

On the other hand , h igh density ( 1 , 500 to 30,000 stems ha-1 ) fodder blocks are 

planted i n  areas that a re currently underproductive. These fodder b locks are 

establ ished by plant ing wil low/poplar stakes ( 1 . 0  to 1 .2 metres i n  length) 

(Douglas et a l . ,  2003). Tree estab l ishment and subsequent management 

requ ire fencing of such b locks for one to two years. Trees are coppiced after 

one to two years at a height of 0 .3  to 1 . 3 m creat ing a stump for future shoots. 

The fodder b locks are created once and involve some i n it ial cost to set up but 

offer continuous benefit of rotational grazing several times a year for many 

years . The maximum biomass production from a copp iced wi l low system has 

been measured i n  the fifth g rowing season .  However, seasona l  and annua l  

variations i n  c l imatic factors l ike temperature and rainfa l l  can affect the OM yield 

in a tree coppice system (Kopp et a l . ,  200 1 ) .  The fodder from coppiced 

poplar/wi l low trees can be harvested by either mechan ical ly prun ing the pr imary 

g rowth and fol iage or by d i rect g razing by l ivestock (Douglas et a l . ,  2003) . D i rect 

g razing of such trees is more economica l  and easy compared to mechan ical 

prun ing that is labour i ntensive and t ime consuming . 
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2.3 Effect of trees on pasture production 

Deciduous tree based s i lvopastoral systems develop competitive env i ronmenta l  

i nteractions between tree species and the understorey pasture that may have 

either positive or negative effects on any of the components. Soi l  moisture, l i ght 

and soi l  temperature a re the most important factors that determine the 

performance of e ither component in such a system .  Pasture species respond 

d ifferently to  an i ncrease or decrease i n  the  level of these factors (Devkota , 

2000; Guevara-Escobar , 1 999) . However, it is qu ite unusual  for these 

env i ronmental factors to be optima l at the same t ime under natural cond it ions 

because optimisat ion in one factor may affect the other .  For examp le ,  an 

i ncrease in l ight intensity increases the soi l temperature and can affect the soi l  

moisture adversely. S imi lar ly shading by  trees usual ly has  a negat ive impact on 

understorey pastu re g rowth .  However, duri ng summer, when l ight is i ntense and 

so i l  moisture is i n  short supply ,  then shade may be advantageous to pasture. 

L im ited work has been done on tree pasture interactive factors in recent times 

in New Zealand . Guevara-Escobar ( 1 999) , conducted a study involving young 

(5 yrs old and 50-1 00 stems ha-1 ) and mature (>29 yrs old and 37-40 stems ha-
1 ) poplar trees in h i l l  country pasture and reported that pasture accumu lation 

under mature poplar trees was 40 % of that in the open-pasture and this ratio 

remained constant despite the h igher mean soi l  water content at the poplar

pasture a rea . Pasture accumulation under young trees was s imi lar to open

pasture. The lower pasture accumu lation under mature trees was attr ibuted to 

shad ing and not to the soi l moisture and it was suggested that l ight shou ld be 

considered as the l im it ing factor for pastu re g rowth . The resu lts are supported 

by Ong et a l . ,  ( 1 996) who consider l ig ht as the pr imary l im itation when water 

and nutrients are sufficiently ava i lab le .  

Devkota (2000) used a prun ing techn ique to i nvestigate the effect of l ight and 

shade on d ifferent pasture species i n  relation to an  Alder s i lvopastora l system i n  

New Zea land .  I t  was reported that pasture species responded d ifferently to  l i ght 

i ntensity and shade. Al l  grasses and legumes showed a l i near increase 

(P<0 . 000 1 )  with % ambient photosynthetica l ly active rad iation (PAR) .  The 
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h ighest and lowest shoot d ry matter was reported at 70% and 14% PAR,  

respectively. Shade also affected the t i l ler ing abi l i ty of  pasture species. Herbage 

mass of swards in heavy and med i um shade under the Alder trees was 50% 

and 70% , respectively , of that of l ight shade. Cocksfoot either with lotus or white 

c lover gave the highest herbage mass whereas values for perenn ia l  ryeg rass 

and Yorksh i re fog were reported lower and simi lar ,  respectively . 

A study by Mclvor et a l . ,  (2003) at AgResearch 's Bal lantrae H i l l  Country 

Research Station near Woodvi l le ,  New Zealand , on widely-spaced (8 m x 8 m) 

poplar , a lso reported 1 0- 1 5% less pasture production u nder trees compared to 

open-pasture .  However, a positive shade effect was observed during l ate 

summer and autumn when pastu re p roduction under trees exceeded that i n  

open-pasture. A recent study by Kal lenbach e t  a l . ,  (2006) a l so  reported a 

reduction i n  cumu lative forage production (20%) under trees compared to open 

pasture. 
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2.4 Effect of trees on soi l water content 

Species, age, size and root ing system a re the major tree physica l factors that 

affect the rate of water uptake from the soi l .  However, c l imatic factors such as 

quantity of rad iation ,  and the amount and frequency of rai nfal l  and soi l  physical 

properties also determine the ab i l ity of trees to use soi l  water. Teskey & Sheriff 

( 1 996) conducted a study on 1 6  years o ld Pin us radiata i n  Austral ia to estimate 

water use and reported that da i ly water use was g reater for large trees than  for 

smal l  trees . 

Guevara-Escober ( 1 999) reported that mature poplar-pastu re (>29 yrs old) used 

more water during November as evapotranspiration (2 .7-3 .0 mm day-1 ) than 

open-pasture (2 .2 mm day-\ Although soi l  moisture contents were s ign ificantly 

lower in the top soi l (0- 1 50 mm) for year 1 996 under mature poplar ,  resu lts 

varied with sites, aspect and t ime of the year with one s ite hav ing lower 

temperature (up to 3 .6 QC) and h ig her soil water content (up to 1 2 .2 % v/v) in 

spri ng  d ue to shade.  However, no s ign i ficant d ifferences were found i n  soi l 

temperature and soi l  water content between young poplar-pasture (5 yrs o ld) 

and open-pasture . Mclvor et a l . ,  (2003) reported sign ificantly less soi l moisture 

content under poplar at depths below 200 mm duri ng summer wh i le no 

s ign ificant d ifferences were found in the top soi l (0-200 mm). Most recent work 

by Doug las et a l . ,  (2006) on 8- 1 1  years old widely spaced poplars showed that 

trees were not effective i n  winter whereas du ring summer, p lots beneath trees 

had 8% lesser soi l  moisture ,  suggest ing that trees use more water due to h igher 

evapotransp i ration when temperature is h igh and trees have maximum leaves 

on them.  

Roygard ( 1 999) reported d ifferent responses between S.  kinuyanagi and E. 

nitens to water stress, as S. kinuyanagi sig n ificantly reduced its leaf a rea by 

shedd ing leaves due to h igher evapotranspiration wh i le E. nitens did not show 

s ign ificant d rop in leaf area .  The rooting  system varies among d ifferent species 

and contributes to d ifference in water use at different depths in the soi l  and thei r 

response to water stress. Wi l low has a mat-l i ke shal low root ing system 

(Roygard ,  1 999) compared to some Eucalypts that have a deep rooted system 
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and can d raw water further than 8 m below the surface (Dye , 1 996) . That is why 

wi l low respond early to water stress by shedd ing their leaves (Roygard ,  1 999) 

as water deficit is more severe in the top layers . Leaf shedd ing by p lants is a 

common phenomenon i n  the event of d rought induced stress . Plants react to 

d rought to min imise the damage due to rapid dehydration .  Drought induced 

senescence contributes to remobi l isation of nutrients , a l lowing the rest of the 

p lant  to benefit from n utrient accumulation (Munne-Bosch & Alegre, 2004) . 

Water ava i lab i l ity is the key to water use by trees (L indroth & C iencia la ,  1 996) . 

Teskey & Sherrif ( 1 996) reported that da i ly transp i ration was h igh ly correlated 

with ava i lable soi l water in the upper 1 m of soi l  in a P. radiata stand i n  

Austra l ia .  Trees exhib it seasonal ly variable transpiration .  During summer, the 

low rainfa l l  and high temperature cause low water i nput to the soi l  and h igh 

evapotransp i ration rates, respectively. Th is affects the uptake as the 

transp i ration rate exceeds the water ava i lab le for uptake by the trees . S. 

kinuyanagi can transpire more (20.5 L day-1 ) compared to E. saligna ( 1 8 . 8  L 

day-1 ) (Roygard ,  1 999) . S im i la rly ,  stand level stud ies have shown that da i ly 

water use rates for euca lypts were higher than p ines at the same age due to 

faster g rowth rates in eucalypts (Myers , 1 993;  Myers et a I . ,  1 996) .  

Leaf a rea is a lso a usefu l parameter to describe water use by trees . Water 

uptake by trees increases with an increase in tree leaf area and vice versa. 

Myers et a I . ,  ( 1 996) reported that E. grandis used 22% more water than  P. 

radiata because the annual  mean LAI of the eucalypts was three times g reater 

than that of the p ines. This ind icates that fast g rowing species can have a 

s ign ificant effect on soi l water use very early compared to s low growing trees .  

S imi lar ly ,  Roygard ( 1 999) reported h igher evapotransp i ration rates for E. nitens 

than S. kinuyanagi due to g reater leaf area for the former. This increased the 

soi l  water deficit as low as 1 04 mm and 1 1 0 mm for both species, respectively. 

However, the deciduous nature of wi l l ow makes them leafless du ring winter and 

thus i neffective to so i l  water use. Roygard ( 1 999) reported a decrease i n  ET 

and ra infa l l  interception under wi l low result ing i n  g reater winter d ra inage than 

everg reen trees. 
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2.5 State of so i l  erosion in  New Zealand h i l l  country 

Early European settlers i n  New Zealand cleared a substantia l  proportion of land 

under dense native forest and scrub that later formed the basis for pastora l 

farming .  Land clearance exposed much of the h i l l  country to erosion and th is 

was coupled with rapid d ischarge of extensive ra i n  water capable of flood ing 

lowland areas. The Reg ional Catchment Boards were constituted in 1 940 to 

deal with the problem of e rosion and flood ing and imp lement strateg ies that 

could lead to h i l ls ide stab i l isation and riverbank protection along with other 

developmental tasks. Th is led to the extensive p lant ing of wi l low and poplar 

trees (Wi lkinson, 1 999) i n  h i l l  country and a long r iverbanks .  

The government decision to subsid ise the erosion contro l  schemes enhanced 

the plantation of trees and Reg iona l  Catchment Boards managed to plant two 

m i l l ion wi l low and poplar trees during 1 960s and 70s (Wi lk inson , 1 999) .  P lant ing 

of poplar and wi l low on unstable pastoral land made it poss ib le for farmers to 

g raze l ivestock in such a reas that were under-productive previously. 

Eyles & Newsome ( 1 992) estimated that 33 % (3 .75 M ha) of the North Is land 

and 25 % (3 .83 M ha) of the South Is land require sign ificant soi l  conservation 

measures. Over 58 % of the farm land in the Wanganui-Manawatu and Greater 

Wel l ington Reg ional Counci l  a reas includ ing the Wai rarapa region conta ins 

e rosion susceptib le land (H icks, 1 995) and requ i res s ign ificant conservation 

measures. 
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2.6 Phosphorus (P) 

2.6 . 1  I m porta n ce of P a n d  its role i n  eutroph ication 

P is an essential e lement for al l  forms of l ife and is one of the most important 

minera l  nutrients in ag ricultu ral systems (Hart et a l . ,  2004) , especial ly with 

regard to storage and transfer  of energy through phosphori lation .  P supply is 

necessary for seed and root formation and for synthesis of microbia l  b iomass in 

rum inant an imals (Wh itehead , 2000) .  

I n  temperate agroforestry systems such as s i lvopasture, both an imal manure 

and inorgan ic fert i l isers are often used . Nutrient losses depend on their source 

(organ ic vs i norgan ic) as wel l  as the soi l  type. Wh i le there is a r isk that P losses 

from such systems can be h igh  because of h igh appl ication rates of ferti l iser 

with h igh P concentrat ion ,  the loss of P ma in ly depends on the P retent ion 

capacity of the soi l .  Norma l ly the P loss from soi l  of high an ion storage capacity 

wou ld be less than the P loss from soi l of lesser an ion storage capacity . 

However, exceptions can occur when P is su rface appl ied under cond it ions that 

favour excessive surface runoff (Na i r  et a l . ,  2004) .  

Eutroph ication is the natural ag ing of  lakes or streams b rought on by nutrient 

enrichment. This process can be g reatly accelerated by human activit ies that 

i ncrease nutrient load ing rates to water (Sharp ley et a l . ,  2003) . The pol lut ion 

from point sources has been wel l  identified and reduced sign ificantly but the 

contribution from d iffuse agricultu ra l  sources of P needs more attention .  In most 

instances, d iffuse sources are considered to be the major sou rces of P loss 

from agriculture (McCol I  & Hughes , 1 98 1 ; Sharp ley & Rekola inen , 1 997) .  That 

is why the subject of P losses from ag ricultural land has led to a p rol i ferat ion of 

research in the last decade or so (G i l l i ng ham & Thorrold , 2000; McDowel l et a l . ,  

200 1 ; Monaghan et a l . ,  2005a; Monaghan et a l . ,  2007) . 

Ag ricultura l ly derived P movement to surface waters has wel l  estab l ished 

connect ions to eutrophication (Cassel l et a l . ,  1 998 . ;  Correl l ,  1 998; G i l l i ngham & 

Thorro ld , 2000 ; Qu inn & Stroud , 2002) . P i s  one of the least mobi le p lant 

n utrients , yet it can be transferred from ag ricu ltu ra l lands to water bod ies 
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d issolved i n  surface runoff, attached to eroded sed iment, and to a lesser degree 

leached through the soi l profi le .  The P in sed iment inc ludes P associated with 

soi l  particles and organ ic mater ia l eroded du ring flow events (Sharpley et al . ,  

1 992) .  Surface runoff from grass, trees o r  non-cu ltivated soi ls carries l ittle  

sed iment and is ,  therefore, genera l ly dominated (about 80 %) by d issolved P 

(Sharp ley, 1 995) . However, reduced runoff u nder trees may affect the d i l ut ion 

and runoff generated after ferti l iser app l icat ion or l ivestock grazing may have 

h igher concentrations of particu late P than d issolved from tree-pastures than 

treeless pastures. S imi larly , in h i l ly country such as New Zea land where s l ips 

and s l ides are common,  most of the runoff is expected to have h igher 

part icu late P than d issolved (Smith , 1 987) .  The d issolved form of P comes from 

the release of P from ferti l iser and soi l  and p lant material (F ig 2 . 1 )  and is read i ly 

ava i lable for b iolog ica l uptake (McDowel l  & Koopmans ,  2006) .  The sed iment P 

is not read i ly ava i lab le for b iological uptake but it can be a long-term source of P 

for aquatic b iota (Ekholm ,  1 994; Sharpley, 1 993) .  Accord ing to Schnoor ( 1 996) ,  

an i ncrease in P tends to result i n  nu isance a lga l  b loom . 

P loss i n  runoff i s  affected by runoff volume ,  sediment loss, forms and 

concentration of soi l P and depth of mix ing of soi l and water (Cassel l  et a l . ,  

1 998 . ;  Sharpley et a l . ,  1 992) . The precip itat ion and soi l surface characterist ics 

are also important factors i n  determin ing P loss i n  surface runoff (G i l l ingham & 

Gray, 2006) . Although sign ificant amounts of P can be lost to water bodies via 

subsurface pathways , it is reasonably wel l  estab l ished that i n  most watersheds 

P export occurs main ly in overland flow (Sharpley et a l . , 1 999; Sharp ley & 

Rekola inen ,  1 997) .  

Although ,  most of the P loss from catchments occurs main ly in surface runoff, 

P can a lso be transported in d ra inage waters, especia l ly in soi ls with artifical 

subsurface d ra ins (Hou lbrooke et a l . ,  2004a;  Houlbrooke et a l . ,  2004b ;  Sharpley 

et a l . ,  2003) . Genera l ly ,  the concentration of P i n  water perco lat ing through the 

soi l  profi le is low because of P fixation by P deficient subsoi ls .  Except ions occur 

in sandy , acid organic ,  or  peaty soi ls with low P fixation or hold ing capacities 

and in soi ls where the p referent ia l flow of water can occur rapid ly through 
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macropores and earthworm holes (Bengtsson et a l . ,  1 992;  Sharpley & Syers, 

1 979;  S ims et a l . ,  1 998) .  

The amou nts of P lost per annum i n  runoff may be inconseq uential from an 

agronom ical point of view but on ly  very sma l l  concentrat ions of P are necessary 

for a body of water to become eutrophic (Hart et a l . ,  2004) . Accord ing to 

Redfield's rat io,  a si ng le atom of P supports the p roduction of as much 

phytomass as 1 6  atoms of N and 1 06 atoms of C (Tett et a l . ,  1 985) .  S i nce 

Redfield's ratio (C : N :P) appl ies to marine water and there is no mecha nism in  

freshwater ecosystems that a l lows for adj ustments i n  the rapid P cycle in  order 

to maintain Redfield's ratio, N and C cycl ing wi l l  respond promptly once P is 

added (Smi l ,  2000) . 

I n  New Zea land the concentrations of total P (TP) a nd d issolved reactive P 

(DRP) in  fresh waters that are l i kely to cause adverse biological effects are 26 

to 33 and 9 to 1 0  I-Ig PL- 1 , respectively (Austra l ia and New Zea land Environment 

and Conservation Counci l ,  2000) . The threshold of DRP for satu ration of a lga l  

growth is considered to be 1 5  to 30 I-Ig PL-1 i n  New Zea land (M in istry for the 

Environment, 2001 ) .  

I n  most soi ls ,  the P content o f  surface horizons is  g reater than that of the 

subsoi l  because of sorption of added P, greater biological activity ,  cycl i ng of P 

from roots to aboveg round plant biomass, and more organ ic materia l i n  surface 

layers (Sharpley et a l . ,  2003) . Part iculate P includes the P sorbed by soi l  

partic les a n d  organic matter i n  runoff. The desorption ,  d isso lution a n d  extraction 

of P from fert i l iser, so i l  and plant material i n it iates the transport of d issolved P 

(DP) in  runoff (Sharp ley, 1 995) .  The ra infa l l  interaction with the th in  layer ( ( 1  to 

5 cm) of su rface soi l  i n itiates this process that leads to ru noff (Sharp ley, 1 985) .  

However, this depth is  variable due to variations in  the ra infa l l  i ntensity and 

vegetative cover and is d ifficu lt to quantify precisely. 

Transparency a nd colou r are the most obvious ind icators of the nutrient 

condit ion of a water body: Tra nsparent o l igotroph ic waters support l ow plant 

productiv ity and appear e ither blue or brown (when stai ned in peaty reg ions) ; 

eutrophic waters have h igh primary p rod uctivity as large amou nts of 
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phytoplankton make them turbid and l imit the i r  transparency to less than 50 cm . 

Lake Taupo ,  a reknown tourist attraction in New Zealand , has decl i n i ng water 

clarity d ue to i ncreased phytoplankton levels beca use of h igh  N03-- N levels 

( Better idge et a l . ,  2005) . 

- - - - - - -

Release of soi l and plant 
P to surface runoff 

Total runoff P 
[ 

Figure 2 . 1 P can be released from soi l  and plant material to surface and subsurface 
runoff water or lost by erosion . 

Ad apted from (Sharp ley et al . ,  2003) . 

Advanced eutrophication is marked by blooms of cyanobacteria (commonly 

Anabaena, Aphanizomenon, Oscillatoria) and sil iceous algae (Asterionella, 

Me/osira) , scu m-form ing algae (such as Phaeocystis pichetil) , and potentia l ly 

toxic algae such as Oinophysis and Gonyau/ux. Eventua l  decom position of th is 

phytomass creates hypoxic or anoxic cond itions near the bottom ,  or throughout 

a sha l low water column (Smi l ,  2000) . P being the g rowth-l im it ing element in 

most fresh water env i ron ments, needs to be contro l led from enteri ng water 

resources so that accelerated eutrophication can be red uced (Dan iel et a I . ,  

1 998 . ;  Klatt et a l . ,  2003. ) .  
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2 . 6 . 2  Forms o f  P i n  ru n off 

The var ious forms of P that exist i n  runoff water can be d iv ided i nto two major 

categories namely organ ic and i norgan ic .  P from each category can be fu rther 

d iv ided i nto two fractions described as particulate and d issolved forms. These 

forms of P are determined by fi ltration :  a filter size of 0 .45 �m is most common ly 

used to separate the part iculate from d issolved form . S ince P can occur in  a 

number of sizes down to near-molecular d imensions, the defin it ion of particu late 

and d issolved forms is arb itrary and ,  i n  some ways , a matter of analytica l 

convenience (Haygarth & Sharpley, 2000; Nash et a\ . ,  2000) . 

2 .6 .3  Effect of s heep g razing o n  P losses 

Animal  dung ,  especia l ly when it is fresh , conta ins concentrations of P that can 

i ncrease the P concentration of runoff water to undes i rab le levels .  McDowel l  & 

Stewart (2005) determined the P fractions in fresh and a i r  d ry dung of an imals 

us ing sequential fraction and P-3 1  nuclear magnetic resonance (NMR) 

spectroscopy. They found that sheep dung was richest i n  P (8 g kg-1 ) compared 

to catt le d ung (5 .5 g kg- 1 ) .  Most P in fresh dung was extractable by water ( 1 5-36 

%) and b icarbonate (36-45 %) but the P shifted to reca lcitrant, HCL ( 1 2-28 %)  

and  res idua l  P forms ( 1 5-3 1  %) with drying . On ly 15  % P was reported as 

organ ic i n  the dung and this smal l  organ ic concentration was related to low 

phytate content in pasture. I t  was concluded that sheep and cattle dung 

bioava i lab i l ity decreases with d ry ing thereby affect ing the potential for runoff. 

Shand et a I . ,  (2005) a lso confi rmed that sheep dung was dominated by 

inorgan ic orthophosphate with m inor amounts of organ ic P. 

Graz ing causes large increases of nutrients and organic matter in runoff. E l l iott 

& Carlson (2004) investigated the effect of sheep g razi ng on sed iment and 

nutrient loads from a h i l l  pasture i n  the Wai kato reg ion of  New Zealand .  They 

found that I ntensive sheep grazing fol lowed by h igh rainfa l l  i ncreased sed iment 

load , DRP and d issolved organ ic P by factors (t imes) of 1 3- 1 6 , 33-76 and 5-7 ,  

respectively. So i l  erod ib i l ity i n  winter was reported to be double that of  summer. 

Notably , sma l l  ra in s imulators were used for the first time to assess the effect of 

sheep g razing on nutrient loss in an  experiment i n  New Zea land . 
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Wi l l iams & Haynes ( 1 992) constructed a balance sheet for P ,  S and K for a 

long-term tria l  (38 years) on border-strip i rrigated land suppl ied with 

superphosphate fert i l iser and g razed with sheep .  I t  was reported that of the 

nutrients appl ied with fert i l iser, 5 1 -59 % of P and 1 5-30 % of S were retained i n  

the  soi l .  Major losses of  P were attributed to  runoff and leaching . I t  was further 

reported that major concentrat ions of P and S were in the areas where sheep 

camp ing occurred . 

2.6 .4 Effect of  s u perphospate ferti l iser a p p l ication on P 

l osses 

The g lobal use of phosphate fert i l isers increased over the last century (Bennett 

et a l . ,  2001 ; Maene, 200 1 ) . A recent review by Macleod & Mol ler (2006) 

i nd icates that in New Zea land , the ind ices of i ntensification i nvolve i ncreased 

inputs to ag roecosystem (especia l ly fert i l isers and water) . The effect of P 

enrichment on waterways and lakes have caused serious concern to resource 

managers (Gi l l ingham & Thorrold ,  2000) . 

It was once thought that P was completely immobi le i n  soi l ,  and thus farmers 

could be encouraged to i ncrease phosphate fert i l iser app l ication without fear 

that P app l ied in excess of crop requ i rements wou ld be lost from the soi l profi le 

(Hayga rth & Jarvis , 1 999) . However, it is now known that P accumulated in soi ls 

or fresh ly app l ied in fert i l iser may be lost from soi l through leaching and surface 

runoff (McDowel l  et a l . , 2004 ;  McDowel l  & Condron ,  2004) . New Zea land 

pastoral farm land is intensively g razed and receives p redominantly s ing le 

superphosphate fert i l iser. Although the appl ication of P fert i l iser i s  a imed at 

ma inta i n ing soi l  P levels but its loss from surface runoff and d ra inage (to some 

extent) from pastoral lands can alter the concentrations to an  undesi rable level 

(Corre l l ,  1 998; McDowel l  et a l . ,  2004) . 

It has been reported that water-extractable DRP levels i n  soi ls have a d i rect 

bear ing on DRP concentrations i n  both overland flow and subsurface dra inage 

(McDowe l l  & Condron, 2004) . Davis et  a l . ,  (2005) i nvestigated the relationsh ip 

between DRP i n  runoff and soi l  P for th ree d ifferent types of soi l .  The authors 
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found h igh ly sign ificant re lationships (P < 0 .00 1 ) between runoff DRP and soi l  

water soluble P (WSP) for the ind iv idual soi l  series (? > 0 . 88) . H igh ly significant 

re lationsh ips (P < 0 .00 1 )  also existed between DRP in runoff and d ifferent P 

saturation i ndexes for the so i l .  Th is ind icated that the relat ionsh ips were soi l  

specific and P management decisions should consider so i l  characteristics . 

McCol I  & G ibson ( 1 979) reported that superphosphate appl ication resulted I n  

large i ncreases in  P concentration i n  runoff from a p reviously g razed pasture. 

However, l ittle effect on P concentration was observed when superphosphate 

was appl ied to long g rass. It was noted that under long grass , fert i l iser 

movement was prevented by both a reduction in water movement and 

enhanced adsorption by soi l  and vegetation .  

Aust in et a l . , ( 1 996) determ ined the relationship between s ing le superphosphate 

appl ication rate and runoff P concentration by app ly ing four d ifferent ferti l iser 

rates (250 , 500, 750, and 1 000 kg ha-1 ) to twelve 30 m x 8 m flood i rrigated 

bays in Victor ia, Austra l i a .  Total P (TP) and fi lterab le reactive P (FRP) 

concentrat ions in runoff i ncreased l i nearly with app l ication rate . It was a lso 

noted that concentrations were s ign ificantly h igher in in i tia l  runoff vol umes (p < 

0 . 025) than those i n  later events . The pr imary mechan ism for the movement of 

P i n  runoff fol lowing s ingle superphosphate appl icat ion was through d issolut ion ,  

rather than sed iment transport .  
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2.7 Nitrogen (N) 

2.7 .1  I m portan ce o f  n itrogen a n d  its role i n  eutro p h i cation 

N itrogen is p resent i n  the env i ronment i n  many forms. The predominant form i s  

n itrogen gas (N2) .  Nevertheless, N2 is almost inert and cannot be used d i rectly 

by most organ isms s ince a substantial amount of energy is requ i red to spl it the 

N2 tr ip le bond (N = N). N itrate and ammonia are the two forms used by plants. 

Organ ic N is mineral ized by microorgan isms to create these two forms that are 

found i n  our soi l  and water .  

Eutroph ication is a lso large ly d riven by transportation of N from natural and 

anthropogen ic sou rces (Co le et a l . ,  2006) . The N comes from a variety of 

sources, inc lud ing runoff from agricu ltural fie lds , concentrated animal  feed ing 

operat ions , atmospheric deposit ion from foss i l  fue l  combust ion ,  and sewage 

and septic wastes (Howarth ,  2005) . In most estuaries, N l im its pr imary 

productiv ity. However, if present in excess, it can lead to eutroph ic cond itions ,  

wh ich can adversely affect water and habitat qua l ity . I n  freshwater systems,  N 

along with P serves as the l im it ing nutrient. The level of N determines the 

b io log ical p roductivity of the lake, pond , or stream . A sharp increase i n  the 

concentration of N can resu lt in an  a lga l  b loom.  Other effects of eutroph ication 

i nclude loss of species d iversity ( loss of fishery) , increases in water turbid ity, 

and hypo l imnetic loss of d issolved oxygen (anoxic condit ions) for therma l ly 

stratified eutrophic reservoirs due to the oxidation of organ ic matter by 

m icrobes, which exerts oxygen demand (Mason ,  1 996) .The i ncreased 

vegetat ion may impede water flow and navigation and the decaying a lgae often 

causes taste and odour problems (Mason ,  1 996) . 

Soi l  environmenta l factors such as soi l  moisture and temperature contro l  the 

release of N from o rgan ic N sources. The i ncrease in soil moisture and 

temperature i ncrease the net release of N depend ing on the organ ic source 

(Agehara & Warncke, 2005) .  M ineral forms of N do not bond as read i ly to soi l 

m inerals or  organ ic matter as does P .  
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The ratio of TN to TP i s  often used to define the l im it ing nutr ient. P i s  

considered the l im it ing nutrient when TN :TP is g reater than 1 7  whereas N is the 

l im it ing nutrient when TN :TP is less than or  equal to 1 0  (Smith , 1 982) .  For 

TN :TP between 1 0  and 1 7 , P and N are co- l im it ing nutrients . P is not needed for 

a lga l  g rowth i n  such large amounts as carbon , oxygen ,  hydrogen ,  or n itrogen .  

N itrate (N03--N )  and ammonium (NH/-N) are common inorgan ic N forms found 

i n  natural waters. The NH/-N is the preferred form of N for p lant g rowth s ince 

the reduction of N03--N to the amino g roup (-NH2) requ i res addit ional energy . 

Nevertheless, the amount of N H4 + -N i n  the aquatic system is usual ly less than 

N03--N s ince un l ike N H/-N ,  N03--N moves easi ly through soi ls .  

2 . 7 . 2  Effect o f  s heep g razi n g  on n itrogen losses 

Cattle (60 %), and sheep ( 1 2 %) produce the most an ima l  manure N at a g lobal 

scale (Oenema & Tamminga ,  2005) . Faeces conta in N predominately in the 

organ ic form , whi le 60-70 % of cow urine N and 70-80 % of sheep urine N is in 

the form of urea (Bel lows, 2001 ) .  U rine can pass through the soi l  macropores 

qu ickly and i ncrease the N H/-N concentrat ion in the soi l  solution due to 

extremely rapid hydrolysis of ur ine-urea (Haynes & Wi l l iams ,  1 992) .  Cows 

deposit a h igher rate of ur ine ( 1 0  L m-2) compared to sheep (5 L m-2) (Saggar et 

a l . ,  1 988b) . This ind icates that under da i ry cond it ions, macropore flow of ur ine ,  

and the subsequent i ncrease i n  the N concentrat ion of dra inage, is more l i kely 

than with sheep grazing . Efficiency of N use by an imals can be increased by 

d iet man ipu lation .  Grazing sheep and cattle on g rasses h ig h  in water solub le 

carbohyd rate resu lts i n  less N excretion in ur ine (F reney, 2005) . 

E l l iott & Carlson (2004) reported that sheep g razing i n  h i l l  country increased 

concentrations of N in overland flow by factors of 33-76 and 5-7 for ammonium

N and d issolved organ ic-N ,  respectively . Caution was advised for winter g razing 

under New Zea land condit ions . Powel l  et a I . , ( 1 998) determ ined the effect of 

ur ine on soi l chemica l p roperties and reported that an average void ing of sheep 

ur ine to a sandy, s i l iceous soi l i ncreased soi l pH a nd ammonium levels 

d ramatica l ly in the upper 1 0  - 1 5  cm of soi l ,  especial ly during the fi rst week 

fol lowing app l ication .  
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I n  h i l l  country , some a reas of pasture (e. g .  beneath trees , a round gateways , 

and on r idges and h i l l  crests) can have g reater N load ings and potentia l for 

leach ing , or losses via runoff, due to strong camping behaviou r of the sheep. 

Saggar et a l . ,  ( 1 988a) reported that 60 % of the d ung and 55 % of the urine a re 

deposited on campsite a reas that occupy 1 5-31 % of the land area . 

N itrate leach ing losses are general ly lower i n  sheep-g razed pastures than for 

cattle because sheep have a smal ler bladder and ur inate more often i n  smal ler 

volumes (Morton et a l . ,  1 993) . Magesan et a l . ,  ( 1 996) reported that period ica l ly 

mob-g razing by sheep on flat land had no measurable effect on  the n itrate 

concentrat ions i n  the d ra inage col lected during or immed iately after g razi ng . 

2.7 .3  Effect of  n itrogen ferti l iser a p p l i cation on N l osses 

Human activit ies, especial ly agricultural activ ities , have approximately doubled 

the rate of N i nput i nto the terrestr ial N cycle and this rate is sti l l  i ncreasing  

(Smith e t  a l . ,  1 999; Vitousek e t  a l . ,  1 997) .  There is widespread concern that N 

and P orig inating from ag ricultura l  land is causing contami nation of g round and 

surface waters lead ing to nutrient enrichment of New Zea land lake systems 

(Cul len et aI . ,  2006; Dooley et aI . ,  2005) of g reat tourism and cultural values 

(Carr, 2005; Hal l & Stoffels ,  2005) . The detection of the Cylindrospermmosis 

raciborskii p lanktonic freshwater cyanobacteri um in  lake Waah i  (Wa ikato) has 

raised concern in recreationa l , stock dr ink ing and potable water suppl ies in New 

Zea land (Wood & Sti r l ing , 2003) . N itrate leach ing is the major  cause of N loss 

from agricultural systems and the amount of N in surface runoff is strongly 

i nfluenced by a comb inat ion of land use and management p ractices (Hami lton , 

2004) , soi l types and c l imatic cond it ions. 

In winter, up to 30 % of the N appl ied in fert i l iser may be leached . This wi l l  result 

i n  a relatively low pasture g rowth response to the added N .  However, 

app l ication of N fert i l iser in autumn resu lts in l arger pasture responses to N ,  

which can be carried th rough for winter g razing ,  and m in imises d i rect leach ing 

of ferti l iser N (Ledgard et aI . ,  1 988) .  

4 1  



Chapter 2 

I n  New Zea land , re latively low amounts of fert i l iser N a re used on sheep fa rms 

(e . g .  20 kg N ha-1 y(1 ) (Morton et a l . ,  1 993) . Magesan et a l . ,  ( 1 996) measu red 

n itrate-N in the drainage from two hydrolog ica l ly s im i lar  mole-and pipe d ra ined 

paddocks over three years near Pa lmerston North , New Zealand , and reported 

that the app l ication of u rea (50 Kg ha-1 ) in early spring had no sign ificant 

i ncrease on the N03--N concentrat ions in the dra inage water. 

In genera l terms, as the app l ication of N to pasture i ncreases, N losses 

i ncrease. Wh i lst the soi l  can act as an N sink by immobi l is ing or absorbing  N ,  

i ncreasing amounts a re lost a s  N03--N i n  drainage. Monaghan et a l . ,  (2005a) 

conducted research on the effect of increasi ng N on n itrate-N losses near 

Edendale township i n  eastern Southland ,  New Zealand .  Treatments were 

establ ished on hydrolog ica l ly- isolated rep l icate plots (900 m2) where pastu res 

received annua l  fert i l iser N inputs of 0 ,  1 00 ,  200 or 400 kg ha-1 and were 

grazed throughout spring , summer, and autumn of each year by non-lactat ing 

da i ry cattle .  S ign ificantly i ncreased losses of n itrate-N i n  d ra inage were reported 

as the appl ication rate increased . Cons idered from the perspective of promot ing 

nu isance weed and a lga l  g rowth i n  surface waters" losses of N i n  drai nage 

water u nder the greater appl ication rates exceeded accepted gu idel i nes for N .  I t  

was suggested that annua l  fert i l iser N i nputs should not exceed approximately 

1 70 kg N ha-1 yr-1 . 
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2.8 Effect of land use on sediment and nutrients 

losses 

The exact amount of N and P lost from ag ricu ltu ra l systems varies d ramat ica l ly 

depend ing on the landuse type (e. g .  sheep or  da i ry versus forestry) and 

management practices (Monaghan et a l . ,  2007) .  Changes i n  landuse or 

management practices may affect water outflow, sediment and nutrients losses 

(Chaplot et a l . , 2004) . Trees p lanted at spacings of 1 2  metres or closer have 

been reported to reduce mass movement (s l ipp ing ) of soil under pasture by 50 

to 80% in h i l l  country (H icks , 1 995) .  

Several stud ies have been conducted i n  New Zealand and overseas involv ing 

trees i n  forested catchments, r iparian strips and shelter belts to i nvestigate 

over land flow, sed iment and nutrient losses . McCol I  et a l . ,  ( 1 977) conducted a 

catchment-scale study between forest (native and exotic) and h i l l  pasture i n  

Taita , New Zea land . P and N losses were measured i n  stream runoff. 

S ign ificantly g reater losses of TP and DRP were reported from pastoral 

catchments compared to forested ones. The estimated TP losses from pastu re 

were reported to be 292 g ha-1 y-1 compared to values of 201  g ha-1 y-1 and 1 24 

g ha-1 y-1 from native and exotic forest catchments , respectively. Large 

d ifferences in N03--N losses were a lso reported between h i l l  pasture 

catchments and forested catchments .  H i l l  pasture s ites lost about 1 400 g ha-1 y-

1 but native and exotic trees catchments lost about 1 60 g ha-1 y-1 . It is important 

to note that the pasture catchments d id not receive n itrogenous fert i l isers . Most 

of the N03--N runoff occurred in large floods and relatively l ittle N03--N losses 

were reported at low flows. A positive correlation was reported between 

concentrat ion and flow rates. 

Smith ( 1 987) reported sed iment loads and nutrient losses i n  surface runoff from 

pastoral catchments at Tauwhare ,  near Hami lton, New Zea land .  Uneven spatial 

runoff patterns were observed over the period of twenty months where eight 

ind iv idual 1 . 5 - 2.4 m long col lectors intercepted 4 - 333 m3 of runoff water .  The 

d ifferences were attributed to extreme channel isation from both catchements. 

The mean flow weighted runoff concentrations were reported for tota l TP, 

43 



Chapter 2 

Kje ldah l  n itrogen (TKN) ,  N03--N and suspended sol ids (SS) at 1 053 mg m-3 , 

5898 mg m-3 , 69 mg m-3 and 472 mg m-3, respectively. V i rtua l ly a l l  P and N was 

transported downslope in winter and spring .  

Cooper et  a l . ,  ( 1 987) mon itored streams d ra in i ng from three catchments under 

d ifferent land uses (pasture ,  p ine and native forest) for 14 years in central North 

Is land , New Zealand . It was reported that in the early years tree catchments 

had water chemistry s imi lar to pasture a lone but d ifferences began to appear 

after about 4 to 5 years of tree g rowth and after 7 years of tree g rowth , water 

chemistry d ifferences between catchments were apparent every year .  

Cooper and Thomsen ( 1 988) conducted a comparative study between forested 

and non-forested catchments in the North Is land , New Zea land . Nutrient (N  & P) 

concentrations were measu red i n  stream water. I t  was reported that tota l N 

export coefficients ( kg km-2 y(1 ) were h ighest i n  the pasture catchment ( 1 1 95) 

fo l lowed by native (367) and p ine forest ( 1 3 1 ) , respectively. Total P export 

coefficients were estimated as 1 67 ,  9 .5 ,  and 1 2 . 0  kg km-2 y(1 for the pasture ,  

p ine ,  and native catchments , respectively. The stream flow characteristics 

d iffered marked ly between catchments, with h ighest tota l water yield and storm 

flow yie lds occurring in the pastu re catchment. 

Qu i nn  & Stroud (2002) compared sed iment and n utrient loads in streams 

d ra in i ng  from sheep and catt le g razed catchments with pasture, pine p lantat ion 

and native forest in Waikato h i l l  country, New Zea land .  Al l  resu lts were reported 

i n  un its of kg ha-1 y(1 . Exports of sed iment, N03--N ,  NH/-N and TP from 

pasture were 2 . 5-to 7-fold h ig her than native forest. I n  contrast, export of DRP 

was with i n  20 % of the native stream's va lues. I n  genera l ,  h igh water clarity and 

lower temperature were reported in streams under native forest compared to 

those in both pasture and p ine catchments . Considerable variation , between 

seasons,  and years, in average seasona l  d ischarge and exports of sed iment 

and n utrients were also noted . 

Chapman et a I . , ( 1 999) investigated and compared the N composition of 

streams d ra in ing three moorland and three plantation forest catchments i n  m id

Wales. Samples of stream water col lected over a period of one year were 
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ana lysed for N03--N and N H/-N .  N itrate concentrat ions were s ign ificantly larger 

in the forested streams. N itrate a lso d isplayed contrasting seasonal patterns 

being largest in the winter .  The results confirm conclusions from other stud ies 

that afforestation of up land semi-natural vegetation can p romote n itrification 

with in the soi l system .  Authors emphasized that both i norganic and organ ic 

forms of N must be considered i n  stud ies that assess the impact of land 

management strateg ies on N cycl i ng  in terrestria l  and aquatic ecosystems . 

R iparian buffer strips can i ntercept surface runoff and act as a fi lter for sed iment 

and associated nutrients entering the stream .  Smith ( 1 992) showed that a 25-35 

m wide strip of Pinus radiata reduced runoff by 2 1 -55 %. Schoonover et a i . ,  

(2005) conducted a field scale study i nvolving forest r iparian buffer zones to 

attenuate nutrients i n  agricultura l  surface runoff from natura l  p recip itation 

events . The forest buffer s ign ificantly reduced the quantities of i ncoming 

d isso lved n itrate-N ,  d issolved ammon ium-N,  tota l ammon ium-N ,  and total 

orthophosphate in surface runoff by 97%, 74%, 68%, and 78 % ,  respectively 

with i n  the 1 0 . 0  m r ipar ian buffer. 

Conversely, Smith ( 1 992) has expressed concerns that a lthough ripar ian 

afforestat ion with i n  pasture catchments can sign ificantly reduce runoff, 

sediment yield and N and P concentrat ions and loads may actual ly i ncrease 

d ue to reduced under storey pasture cover result ing i n  enhanced r ipar ian zone 

and stream channel erosion . However, th is can be partly addressed by avoid ing 

dense plantation of trees to m in im ise the effect of canopy closure and shad ing 

of under storey pasture . 

Another concern is that the effectiveness of buffer strips i n  removing the 

majority of P from runoff may a lso decl ine with t ime. Cooper et a i . ,  ( 1 995) 

showed that 20 years after ret i rement of a r iparian buffer strip from grazing , P 

had accumulated to the extent that outflows of d issolved P were match i ng the 

trapp ing of i nflowing, sed iment-bound P. This effect would be expected to occur 

i n  many r ipar ian strips un less their P storage ab i l ity was period ica l ly recharged 

in some manner. In addit ion , as mentioned above, there is the risk that surface 

runoff can become channel ised , thus overwhelming buffer strips and negat ing 

the i r  fi ltration effect. 

45 



Chapter 2 

Trees improve the i nfi ltration  rate of the soi l  very quickly thereby reducing the 

quantity of su rface runoff. Carrol l  et a l . ,  (2004)  stud ied the effect of shelter belts 

with young trees of d ifferent age g roups (2 ,  6 and 7 years) and reported that 

water i nfi ltration was 60 times g reater under young trees compared to nearby 

pastu re g razed with sheep. The i nfi ltration rate for the 2-years old shelterbelt 

was marked ly greater to that of the g razed areas suggesting that changes in the 

soi l happen qu ickly. The infi ltration rate i ncreased fu rther when going from 

areas under the 2 to 6 year old trees. However, the re was l itt le d ifference 

between areas where the trees were 6 or 7 years old . 

Na i r  and Ka lmbacher (2005) mon itored and compared N and P concentrat ions 

with i n  so i l  profi les between pasture alone and tree pasture (s i lvopasture) . P 

concentrations were reported i n  the order: pastu re > s i lvopasture . Ammon ium-N 

and N03--N concentrations were h igher in the surface horizon of the treeless 

pasture .  Nara in  et a l . ,  ( 1 998) i nvestigated eros ion losses in a fie ld exper iment 

with Leucaena leucocephala and Eucalyptus i n  the western H imalayan val ley 

reg ion of Ind ia .  Trees reduced the runoff and so i l  loss by 40 % and 48 % ,  

respectively, over ma ize p lots . 
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2 .9  Effect of tread i ng on soi l  properties, runoff and 

d rai nage 

Often ,  soi l compaction is measured by soi l  bu lk density. On moist so i ls ,  the bu lk 

density of the surface layer increases under compact ion unt i l  the bear ing 

capacity equals the hoof pressu re (Wind & Schothorst, 1 964) .  Severa l authors 

have reported an i ncrease in bu lk dens ity resu lti ng  from i ncreased tread ing 

i ntensity (Greenwood et a l . ,  1 997;  Kel ly ,  1 985 ;  Wi l latt & Pu l lar ,  1 983) .  

At around field capacity , the so i l  i s  more l i kely to be compacted by treading 

(Horne & S ing leton ,  1 997) . During wet cond itions , most of the water is  

conducted i n  the so i l  th rough macropores. By reducing the volume of 

macropores , tread ing often decreases the i nfi ltrat ion rate (E l l iott & Carlson , 

2004) and percolation and increases runoff and encourages erosion .  

(Greenwood & McNamara , 1 992 ; Nguyen et  a l . ,  1 998) have observed that a 

reduction i n  soi l  macropore space by tread ing led to considerable damage on 

badly dra ined fie lds. Compaction and impeded dra inage due to tread ing can 

a lso cause a reduction (70-90%) in earthworm populations (Cluzeau et a l . ,  

1 992) .  The vu lnerab i l i ty of earthworms to tread i ng i s  g reater d ur ing rainy or  wet 

season because earthworms tend to rema in near the soi l surface (Usa et a l . ,  

1 997) .  I n  their review, G ifford & Hawkins ( 1 978) showed considerable evidence 

of reduction i n  i nfi ltration caused by tread ing .  

Drewry & Paton (2005) cond ucted a detai led study on the effects of in tensive 

sheep treading during winter on soi l physical p roperties for 3 years on a newly 

sown ryeg rass-white c lover pasture in South land .  Sheep numbers varied from 

0 ,  900 and 1 800 ha-1 . I n tensive winter treading caused considerable v isual so i l  

pugg ing and pasture damage. Macroporosity (percentage of pores > 30 �m) at 

0-5 cm was sign ificantly reduced from 1 1 . 1  % in the control to 1 0.2% and 9 .4% 

i n  the 900 and 1 800 sheep ha-1 treatments, respectively. I t  was also reported 

that winter tread ing reduced soi l earthworm numbers at the 0-5 cm depth . 

However, soi l  macroporosity i n  the 0-5 cm depth improverd from 9 .4 % to 1 1 . 3 

% i n  the summer periods .  
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I n  another experiment, Drewry et a I . ,  ( 1 999) examined the extent of damage to 

soi l  physical properties of a Pukemutu s i lt loam (Pa l l ic Soi l ) caused by intensive 

winter g razing at 1 800 sheep ha-1 . Soi l structural damage was reported . 

S ign ificant reduction i n  so i l  macroporosity (from 1 6 .4 % to 1 2 . 1  %) i n  the 0-5 cm 

soil depth occurred . Soil pores were water-fi l led lead ing to p lastic deformation 

rather than compaction .  Monaghan et a l . ,  (2005b) reported a consistent 

deterioration in surface soil physical cond ition between early spr ing and early 

summer due to cattle g razing in a wet spring in Waikato, New Zealand .  D ur ing 

August-December, a period that coincided with g razing , soi l  compaction as a 

measure of bulk density ,  i ncreased . However, cond it ions improved over l ate 

summer, autumn and winter because of no g razing and pasture g rowth . The so i l  

compaction as a resu lt of tread ing is g reater for cows than sheep . For example ,  

a su rvey report of 97 sheep and 87 da i ry farms in  South land and south Otago 

by Drewry et a l . ,  (2000) showed that a i r  permeab i l ity , saturated hyd rau l ic 

conductiv ity and macroporosity sign ificant ly decreased on da i ry farms than  

sheep farms. Moreover, soi l  bu lk density i ncreased g reatly in da i ry farms when 

compared with sheep farms. Positive correlations between increased bu lk 

density and decreased hyd rau l ic conductiv ity have a lso been reported by Lisa 

et a l . ,  ( 1 997) .  

Soi l  compaction associated with tread ing i ncreases soi l  strength ( Lisa et a I . ,  

1 997) . Th is i ncreased soi l strength may cause hard-sett ing of soi l that, i n  turn , 

restricts water movement (Mu l l i ns et a I . ,  1 992) .  Repeated treading in the 

presence of free water can cause a p rogressive loss of soi l strength (Scholefield 

& Ha l l ,  1 985) .  Nevertheless, important natural regenerative processes inc lud ing 

wett ing and d ry ing cycles, which cause shri nkage and swel l ing and cracking of 

the soi l (Cluzeau et a l . ,  1 992) may help repa i r  soi l  structure. 

Excessive top soi l  and contaminant runoff to waterways can occur due to 

tread ing .  Foster et a l . , ( 1 990) observed an increase in erosion rates from 

g rassland to river channels d ue to tread i ng when grazed at h ig h  stocking 

densit ies. Runoff volumes can increase up to twelve times in heav i ly g razed 

g rasslands (Heathwaite et a I . , 1 990) . Grazing of pastures on wet soi ls can 

develop more potential for water erosion , especia l ly h i l l  country (Betteridge et 
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a l . ,  1 999) .  The increasing numbers of an imals g razi ng the land , especia l ly 

sheep, can lead to the in it iat ion and erosion of bare soi l i n  the uplands and to 

tramp l ing and pudd l ing of soi ls i n  lowland pastures thereby i ncreasing runoff 

and sed imentation of water courses (Evans ,  2005) .  

Nutr ient movement along with so i l  p articles i ncreases with an imal tread ing from 

grass lands .  Lambert & Clarke ( 1 985) observed g reater losses of N and P from 

catchments i n  h i l l  pasture u nder rotat ional catt le g razing due to g reater soi l 

erosion than  under rotationa l  sheep g razing .  However, pugg ing can reduce 

sed iment loss because of hoof indentations acting as traps for moving 

sed iments (Russel l  et a l . ,  200 1 ) . Sheep treading can cause a reduction i n  the N 

concentrat ion i n  the soi l at h igh  stock ing rates e ither due to increased nitrate 

leaching and/or surface runoff (Curl l  & Wi lk ins , 1 983) . A 50 % increase i n  the 

amount of d issolved i norgan ic P in t i le d ra inage after fou r  weeks of cattle 

g razing has a lso been reported d ue to cattle tread i ng effects (Sharp ley & Syers , 

1 979) . Therefore , greater movement of nutrients due to the tread ing effect may 

cause contamination of waterways of New Zea land (Smith et a I . ,  1 993) . 
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2 . 1 0  Conclusions 

Wi l low and poplar are fast g rowing trees that can be estab l ished with g reat ease 

i n  a s i lvopastoral system with a variety of arrangements under New Zea land 

environmenta l  condit ions .  They can surv ive the g razing pressu re du ring early 

estab l ishment . However, soil physical characteristics and environmental 

condit ions also play a v ital role i n  establ ishment and survival of any particu lar 

species. The role of these trees i n  soi l  conservation is wel l  recogn ised . Many 

parts of New Zealand regu larly face severe d roughts du ring late summer and 

ear ly autumn  creat ing forage shortage for l ivestock. Wi l low and poplar can 

offset th is feed shortage with better qua l ity lush fodder than d rought pasture .  

Pastu re quantity and qua l ity a re often compromised under trees . However, the 

extent of reduction in pasture g rowth varies with the nature of the tree species 

(everg reen g reen vs deciduous) , tree stocking rates, age of the trees and crown 

form . S i lv icultu ra l  and management practices can help reduce some of the 

losses in pasture production .  

The potentia l for animals to cause soi l compaction increases with so i l  moistu re 

content, the weight of the an ima l  being g razed,  the number of an imals i n  the 

paddock , and the amount of time an imals stay in the paddock. An imal tread ing 

damage should be m in im ised so that the risk of i ncreased sed iment i n  runoff 

and i ncreased N and P i n  waterways is reduced . This could be achieved by 

winter and spr ing g razing management strategies that i ncorporate a stand-off 

pad ( i n  a non-critical area) to restrict g razing-t ime on pastu re. 

Due to its h i l ly nature ,  parts of New Zealand are scarred by soi l eros ion .  

Sed iment and nutrient (N & P) losses from l ivestock farms are of g reat concern . 

The water qua l ity of many rivers and lakes is deteriorat ing .  This deterioration i n  

the qua l ity of the aquatic env i ronment may affect New Zealand's agr icu ltural 

export and tourism industry. 

The exact amount of N and P lost from agricu ltu ra l  systems varies d ramatica l ly 

depending on the land use type (e.g .  sheep and da i ry versus forestry) and 

management practices. Research has shown that tree pasture systems have 
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s ign ifi cantly sma l ler N and P losses than those from treeless pasture. Thus the 

eutroph ic consequences of l ivestock farm ing can be add ressed , at least 

partia l ly ,  through fast g rowing tree species l i ke wi l low and poplar that can he lp 

uti l ise soi l  n utrients , reduce soi l  and nutrient losses through surface runoff and 

d ra i nage. Nonetheless, there is l ittle i nformation on the effects of young wi l low 

and poplar « 5 years) on the qua l ity of the aquatic environment i n  New 

Zealand . This review clearly points out the lack of i nformation a nd emphasises 

the need to quantify the environmenta l effects of young wi l low and pop lar in 

s i lvopastora l system i n  New Zea land . 

The reviewed l iterature clearly points out the attributes of a si lvopastoral system 

that can he lp reduce su rface runoff, nutrient (N & P) and sed iment loss . These 

attributes are rainfa l l  intercept ion ,  g reater use of soil water, improved soi l  

i ntactness and improved physical properties of the soi l ,  but understorey pasture 

may be decreased under such a system i n  comparison with an open pasture 

system .  However, lack of data on densely planted young trees s ignals the need 

for testing the hypothesis mentioned in Chapter 1 (Section 1 . 1 )  through 

experimenta l  fi nd ings under New Zea land cond itions .  
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3.1 I ntroduction 

I n  New Zea land ,  wi l low and poplar have been planted as wide-spaced trees 

main ly for soi l  conservat ion with considerable success (Wi lk inson , 1 999) .  These 

trees have also been used as shelterbelts or windbreaks for protection of newly 

developed subtropical fru it orchards ,  especia l ly Kiwifru it (Van Kraayenoo rd ,  

1 984) . The ma in  reasons for plant ing Populus and Salix species have been 

their fast g rowth , extensive rooting system,  desirable crown shapes and easy 

establ ishment . Wi l low and poplar fie ld plantations can be estab l ished with 

rooted and u nrooted stock. Shelter belt p lantings are main ly estab l ished us ing 

rooted stock whi le most soi l  conservation , fodder block and river control 

plantings a re establ ished with unrooted poles and stakes (Douglas et al . ,  2003; 

Van Kraayenoord ,  1 984) . 

The main objective of most s i lvopastora l  systems is to increase, or at least 

susta in  over the long-term , the exist ing p roductive capacity of the land th rough 

efficient uti l i sation of, and/or g reater conservation of, ava i lab le resources 

(Wojtkowsk i ,  1 998) . The m ix ing of trees with understorey pasture can enhance 

the stab i l ity of the environment but can impose d ifferent demands on the 

system's ava i lable resources on an in terspecies basis (Sinclair et a l . ,  2000) . 

Competit ion for l ight, moisture and nutrients between trees and pasture p lants 

i nfluence the pasture yield in s i lvopastora l systems . The level of shade and its 

du ration a re among the most sign ificant factors responsib le for va riation in the 

pasture g rowth under trees (Dodd et a l . ,  2005) . 

The effect of widely-spaced , poplar  on pasture production has received some 

attention d ur ing the last decade in New Zealand (Doug las et a l . ,  2006; Doug las 

et a l . , 200 1 ; Guevara-Escobar , 1 999; Wal l ,  2006) . S im i la rly, wi l low and poplar 

edib le d ry matter production and nutrit ive value (Charlton et a l . ,  2003; Douglas 

et aI . ,  2003; Kemp et a I . , 200 1 )  and their effects on sheep l ive weight a nd 

reproduct ion have recently been researched (McWi l l iam ,  2004) . However, the re 

has been no comparative study of wi l low and poplar establ ishment and relative 

g rowth under s im i lar c l imatic cond it ions . There is a genera l  perception among 

researchers that very young wi l low and poplar « 2 yrs) may not have any effect 
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on soi l  water content, and also, may not impose shade that adversely affects 

the understorey pastu re g rowth .  Knowledge of the effect of young wil low and 

poplar « 2 years) on pasture production is lack ing in New Zea land . Therefore , 

the objectives of this experiment were to: 

1 Study the d ifferences i n  establ ishment and growth between wil low and 

poplar under s imi lar c l imatic cond it ions. 

2 Measure the effects of very young wi l low and poplar on soi l moisture .  

3 Measure the effect of young trees on understorey pasture growth .  
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3 .2  Materia ls and methods 

3 . 2 . 1  S ite descri ptio n  

The s ite is situated at 'Mog i n ie Pasture and  Crop Research Un it' near Massey 

U n ivers ity, Palmerston North .  The s lope at the s ite ranges from 5 .S-7 .S  %. The 

s ite has been managed as permanent pasture dur ing the last decade and has 

been g razed with sheep on a rotational basis (M .  Osborne, techn ic ian Massey 

U niversity , personal commun ication ) .  The soi l type is Tokomaru s i lt loam .  

Characteristics of the soi l  are described i n  section 5 .2 . 1 .  

3.2 .2  Experi mental d esig n a n d  treatments 

The experiment design was randomised comp lete b lock (RCB) with three 

b locks and three treatments .  The trial was estab l ished on Sth of October 2004 

by p lant ing unrooted wi l low and poplar stakes . Pasture a lone was used as the 

contro l .  Wi l low stakes were prepared from branches removed from (Salix 

matsudana x alba 'Tango io ' ) trees near Massey Un iversity Palmerston North , 

whi le the poplar (P. deltoides X P. nigra 'Oudley') stakes were procured from 

HortResearch Nursery at Aokautere, near Palmerston North . The stakes were 

50 cm i n  length with vary ing d iameters . Each stake was driven 30 cm into the 

soi l ,  leaving 20 cm above g round . P lots were marked us ing stri ng .  Stakes were 

planted at 1 . 2 m spacing in s ix rows with ten stakes in each row, g iv ing a tota l of 

s ixty stems in each plot (Plate 3 . 1 a) .  The s ite was closed to a l l  g razing an imals 

through out the period of tria l .  Plots were mowed fortn ightly i n  spr ing and early 

summer to reduce the competition for soil moistu re and m in im ise pasture shade 

on newly sprouting and g rowing wi l low and poplar stakes (plate 3 . 1 b) . The 

mowing contin ued for the rest of study period as deemed necessary .  The tr ial 

lasted for two years. 

3.2 .3  Tree meas u rements 

Smal l  end d iameter measurements were made for a l l  stakes after plant ing in the 

fie ld . Subsequent measurements of stem d iameter (at g round level ) ,  height and 

number of shoots were made in the winters of 2005 and 2006 to determine the 

70 



Chapter 3 

annual g rowth d ifference between wil low and poplar . However, the winter 2006 

measurements also i ncluded the canopy d iameter for each tree at the maximum 

canopy spread . Tree stem d iameters (mm) were measured us ing d ig ital vernier 

ca l l ipers .  The heights (m) and canopy d iameters (cm) of the trees were 

measured using a survey staff rod and d iameter tape respectively. 

The canopy closure was estimated from the mean canopy diameter . The 

measurement of canopy diameter for each tree al lowed the measurement of 

horizontal cross-sectional area of tree crowns (m2 tree-\ S ince trees were 

planted on a square g rid basis ( 1 .2  x 1 . 2 m spacing) and the tree canopies 

were not overlapp ing ,  the canopy closure estimation and calculation were 

based on four  nuclei trees using the concept of Wal l  (2006) .  The area under the 

canopy of a s ing le tree with in  the square g rid of four  nuclei trees was assumed 

to be 1 /4th of the total area of the canopy per tree (F igure 3 . 1 ) . S ince mean 

canopy diameter was used , the total area covered with in the square of four 

nuclei trees was to be equal to the tota l canopy cross-sectional area of a s ing le 

tree. Thus knowing the cross-sectional a rea of the circle (mean canopy) of 

wi l low and poplar trees, it was possible to calculate the tota l area covered u nder 

the canop ies of fou r  n uclei trees with in  the square grid ( 1 .2 x 1 .2 m) at which 

trees were planted . 

Assuming the canopy is c ircu lar ; a circu lar cross-sect ional a rea for each tree 

was calculated us ing the basic geometric formula :  

Area of circle (A) = 11: � -------------------------( 1 )  

Figure 3 . 1  The canopies of four  nucle i  trees (red c i rcles) planted a s  a square gr id ( 1 .2 
x 1 . 2 m spacing) . The square with b lue l i nes ind icates the actual spacing at 
which trees were planted whi le the areas of red circles i nside the square 
show the canopy. 
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3.2.4 Soil  sam p l i n g  and laboratory analyses 

3.2.4. 1 Olsen P 

Soi l  samples were col lected us ing a soi l  auger from fou r  randomly selected 

positions in each plot on 1 1 th of October 2004. Samples were col lected at two 

depths (0-75 mm and 75-1 50 mm) .  Samples were air d ried at room 

temperature , g round manual ly and sieved through < 2 mm size s ieve before 

they were analysed for Olsen P and pH  at the ' Ferti l iser and Lime Research 

Centre' Massey Un iversity , Palmerston North . Olsen P was determined us ing 

the method of Olsen et a l . ,  ( 1 954) . 

Ca )  (b) 
Plate 3 . 1  (a) A view of the experimenta l s ite with wil low and poplar stakes planted at 

Mog in ie ,  Manawatu . (b) Early sprouti ng and growth (December, 2004) of 
wi l low and poplar at Mogin in ie ,  Manawatu .  

The method i nvolved accurately weigh ing 1 g of a i r-d ried soi l « 2 mm sieved) 

i nto a 50 m l  polypropylene centrifuge tube, then add ing 20 m l  of 0 .5 M NaHC03 

solution .  Samples were shaken for 30 m inutes, in an end-over-end shaker, 

fo l lowed by centrifug ing at 8000 rpm for one m inute, and filtrat ion through 

Whatman No .  4 1  fi lter papers . I norgan ic P was then determ ined fol lowing the 

phosphomolybdate method of Murphy & Ri ley ( 1 962) .  

3.2.4.2 S o i l  b u l k  dens ity 

To determine the soi l  bu lk density, so i l  samples were collected on 25th of 

October 2004 . Samples were col lected on ly from the open pasture (OP) plots to 

avoid any damage to the newly planted wi l low and poplar stakes. Two pits were 
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excavated i n  each plot with a spade and samples were collected in th in-wa lled 

cyl indrical a lumin ium samplers (50 mm d ia  and 50 mm length) from 0-75, 75-

1 50 ,  1 50-225 ,  225-300, 300-375 and 375-450 mm depths in each pit . Back i n  

the laboratory, each sample was weighed wet and then oven d ried a t  1 05 QC 

overn ight and then reweighed . Soi l bu lk  density was calculated as described by 

McLaren & Cameron ( 1 996). 

3.2 .5  Soi l  moistu re m easu rement 

The change in soi l moisture at d ifferent depths i n  a l l  treatments was monitored 

us ing Time Domain Reflectometry equ ipment (TOR, Soi l Equ ipment Corp . ,  

Santa Barbara ,  CA) . The TOR equ ipment was cal ibrated for accuracy against 

g ravimetric soi l water content calcu lated from soi l  samples used to calcu late 

bu lk  dens ity (section 3 .2 .4 .2 ) .  Permanent TOR probes of 1 50 ,  300 ,  and 450 mm 

length were vertica l ly i nserted i n  each plot of a l l  three treatments. One set of 

probes was i nserted i n  the midd le of each p lot at 250 mm d istance from a tree . 

Measurements were made fortn ightly except when the TOR mach ine was out of 

order or d ur ing summer when measurements were i ntensified to a weekly basis .  

The so i l  moistu re content for the 1 50-300 mm and 300-450 mm soi l  depths 

were obta ined using equation (2) (Guevara-Escobar ,  1 999) .  

Where e represents the so i l  volumetric water content and (j) i s  the total soi l 

volume at the z stratum to depth i i  and i , g iven i < i i .  

3.2.6 Pastu re d ry matter s a m p l i n g  

Pasture net herbage accumu lation (NHA) rate was measured monthly (July a nd 

August were combined) using the tr im techn ique (Radcl iffe, 1 974) from Apri l 

2005-March 2006 . The N HA va lues reported for each month were measured i n  

the last week of each month . Three pasture g razing  exclus ion cages ( 1 . 1 4  x 

0 .64 m)  were p laced in the top ,  m iddle and bottom of each p lot after mowing the 

pasture to 2 . 5  cm height. On the tree p lots , the cages were placed in the centre 

of four  nuclei trees between two rows . The residua l  value was determined by 
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trimm ing the mowed pasture at ground level with a portable electric sheering 

hand-p iece . The regrowth sample consisted of three metal quadrats (0 . 1  m\ 
one from the middle of each cage .  The pasture samples were transported to the 

laboratory for oven drying and weigh ing .  Fol lowing each harvest, the g razing 

exclus ion cages were moved to a new locat ion and were not returned to the 

p revious locat ion for at least three months. 

In the laboratory, a l l  tree material (small twigs ,  leaves and bark) and visib le 

dead insects were d iscarded from the herbage samples by hand sorting .  The 

samples were then hand washed with fresh water to remove any soi l  

contamination and other fore ign materia l that was not hand picked before 

wash ing .  The clean samples were then d ried in a forced d raught oven at 80°C 

for 48 hours .  Dried samples were weighed on electron ic scale, to two decimal 

p laces (d . p) .  The monthly N HA rate was determined by subtract ing the residua l  

va lues from the fina l  regrowth va lues .  N HA data from ind ividua l  cuts i n  each 

treatment was pooled to provide seasonal and annua l  tota ls .  

3.2 .7  Pasture species com pos it ion 

Pasture species composit ion was determined only once du ring the study period . 

I n  each p lot, a bottom-to-top strip of pasture was tr immed using a portable 

electric sheering hand-piece. Samples were transported in p lastic bags to 

M assey Un iversity laboratory and species composit ion was determi ned the 

same day on the fresh samples. Each sample was thorough ly m ixed with hand 

and sub-samples were used for further processing . Pasture species were hand 

sorted (p lant by plant) into categories (Table 3 . 1 ) .  The sorted samples were 

oven d ried at 80°C for 24 hours and weighed to four  decimal points (d . p) .  The 

d ry we ight of each category is presented as a percentage of the combined 

weight of al l species . 

3 . 2 . 8  Statisti ca l a n alyses 

Data were ana lysed by Ana lysis of Variance (ANOVA) ,  with general Linear 

Model  (GLM) p rocedu re of the Statistical Ana lysis System (SAS, 200 1 ) , and 

mean separat ion was conducted using the Least S ign ificance Difference (LSD) 
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test at the 5 % level .  Repeated measures Analysis of Variance was conducted 

on N HA and tree data to determine the effect of t ime on pasture p roduction and 

tree survival and growth , respectively . S ince stakes of d ifferent d iameters were 

used both for wi l low and poplar , covariance analysis was conducted to remove 

the effect of i n it ial d iameter d ifferences on tree height . L inear regression 

analyses were conducted to determine the relationsh ip between N HA and so i l  

moisture ,  tree height and stem d iameter and he ight and canopy d iameter. 
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3.3 Results 

3 . 3 . 1  Ra i nfa l l  a n d  tem peratu re 

Figure 3 .2 i l lustrates the monthly tota l ra infa l l along with mean soi l  and a i r  

temperature .  Rainfa l l  i n  October 2004 was sufficient ( 1 1 6 .4 mm)  to  support the 

establ ishment of wi l low a nd poplar stakes. In December 2004 there was 1 54 .6  

mm rainfa l l  and  increasing a i r  and soi l temperature. The tota l annua l  rainfa l l  i n  

2005 was 886 .2 mm with max imum rainfal l  in  October ( 1 38 .4 mm) .  The least 

ra infal l  was observed in February 2005 (28 .4  mm) .  

The largest mean max imum a i r  and soi l  temperatures were observed i n  

February 2005 (25 .2 °c and 20 .4  °c respectively) . The smal lest m in imum a i r  

and soi l temperatu re were observed i n  J u ne 2005 (3 .8  ° c  and 7 .8  °c 
respectively) .  The soil temperature values at 1 00 mm depth were between 

maximum and min imum a i r  temperature throughout the study period (F igu re 

3 .2 ) .  
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Figure 3 .2  Total month ly ra infa l l  (mm) and mean a i r  and soil temperature (0C) during 
the experimental period in  Palmerston North, New Zealand. 

(Source: AgResearch) 
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3.3 .2  S o i l  bu lk  density a n d  O lsen P 

Soi l bu lk  density i ncreased with soi l  depth . The bu lk density i n  the soi l surface 

(0- 1 50 mm) ranged from 1 .24 to 1 . 33 g cm-3 and from 1 . 37- 1 .45 g cm-3 i n  the 

1 50-300 mm depth . S im i larly, the soi l bulk density i ncreased with further soi l  

depth and ranged between 1 .49 to 1 . 50 g cm-3 i n  the 300-450 mm depth . 

Soi l Olsen P va lues were h igher i n  the top 0-75 mm depth (38 �g g- 1 ) than the 

75- 1 50 mm depth (20 �g g-1 ) .  The soi l pHs for the 0-75 mm and 75- 1 50 mm 

depths were 5.7 and 5 .6 ,  respectively. However, Olsen P and pHs were s im i lar 

between treatments (P > 0 . 05) . 

3.3 .3  W i l low and p o p l a r  esta b l ish ment a n d  g rowth 

The tree survival rates were determ ined by counting the number of trees a l ive in 

each p lot at the end of the fi rst and second year. After the fi rst g rowth year, 

wi l low estab l ishment was 1 00 % fol lowed by poplar with 97 .7 % .  At the end of 

the second year , wi l low mainta i ned 1 00 % survival but the number of poplar 

trees decreased to 90 . 5  % .  However, the d ifferences between treatments were 

not sign ificant (P > 0 . 05) due to marked variat ions in the ind iv idua l  poplar plots .  

Willow trees were significantly ta l ler than poplar (P < 0 .05) after the fi rst and 

second year's growth . In the first year, wi l low gained a mean height of 1 . 02 ± 
0 .0 1  m tree-1 whi le the mean height for poplar was recorded as 0 .67 ± 0 . 0 1  m 

tree-1 . I n  the second year, wi l low reached a maximum mean height of 1 . 90 ± 
0 . 02 m tree-1 followed by poplar at 1 . 35 ± 0 .03 m tree-1 . S imi la rly, the 

d ifferences i n  tree stem d iameter were a lso s ign ificant (P  < 0 . 05) between 

treatments . For example, at the end of the first year g rowth period , wi l low had a 

mean stem d iameter of 37 .6  ± 0 .48 mm tree-1 but the mean d iameter for poplar 

trees was 27 .9  ± 0 .35 mm tree-1 . The i ncrease in d iameter du r ing the second 

year was a lso s ign ificantly g reater (P  < 0 . 05) for wi l low (5 .9 1  mm tree-1 ) t han  for 

poplar (4 .64 mm tree-1 ) thus gave d iameters at the end of the second year of 

43 .5 ± 0 . 54 mm tree-1 and 32 .6  ± 0 . 37 mm tree-1 , for wi l low and poplar 

respectively. There was not a strong l i near relationsh ip between tree stem 

d iameter and tree height ( F igure 3 . 3) but reg ression analysis between stem 
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d iameter a nd height was h igh ly sig n ificant ( P  < 0.0001 ) (r = 0 .62) .  The in it ia l  

and final  stem d iameter showed a strong correlation (F igure 3 .4) and reg ression 

a nalysis was a lso h igh ly sig n ificant (P < 0 . 000 1 ) .  There was not a strong l inear 

relationship between tree d iameter and nu mber of shoots (R2 
= 0 .401 9) ,  

a lthoug h regression analysis was sig n ificant between the stem d iameter and the 

n umber of shoots (P < 0 . 000 1 ) . 
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Figure 3.3 Data pattern shows the relati onship between the tree stem diameter (mm) 
and tree height (m) of wi l low and popla r  at M og i n ie ,  Manawatu . 
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Figure 3 .4 Data pattern shows l i near re l ati onsh i p  between i n it ial tree stem diameter 
( m m )  and final stem diameter (mm) of wi l low and poplar at Mogi n ie ,  
Manawatu (n = 342 ,  P < 0.000 1 ) .  

Wil low a lso produced more fi rst-order shoots than poplar (Plate 3 .2a ,b ) .  I n  J u ly 

2005,  wi l low had a mean of 9 . 84 ± 0 . 2 1  shoots tree-1 wh i le the poplar had only 
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2 .44 ± 0 .08 shoots tree- 1 . I n  the fol lowing year , s ign ificantly more wi l low shoots 

d ied ( 1 . 07 tree-1 ) compared with poplar (0 .25 tree-\ However, the tota l number 

of shoots remained sign ificantly (P < 0. 05) h ig her (8 .77 ± 0. 1 8  tree-1 ) i n  wi l low 

than poplar (2 .25 ± 0 . 09 tree-\ 

Canopy d iameter for each wi l l ow and poplar l ive tree was estimated with the 

measurement of rad ia l extension of branches start ing from the main stem to the 

periphery of the canopy of the tree . Wi l low had a s ign ificantly (P < 0. 05) larger 

canopy mean d iameter (68 .9 ± 0 . 94 cm tree-1 ) than poplar (34 .4 ± 1 . 08 cm tree

\ Tree stem d iameter was also in good relationsh ip with the fina l  tree canopy 

d iameter ( r  = 70). The mean canopy a rea calcu lated for wi l low and poplar was 

0 . 38 and 0 . 1 0  m2 tree-1 . This corresponded to 26 % and 7 % of the canopy 

closure for wi l low and poplar , respectively. 

(a) (b) 
Plate 3 .2  (a )  Wil low shoots a t  the  end of first year growth i n  wil low pasture (WP) 

treatment at M ogin ie,  M anawatu .  (b) Poplar shoots at the end of first year 
growth in pop lar pasture treatment (PP) at Mogin ie ,  Manawatu .  

Both wi l low and  poplar responded to soil moisture stress by  shedd ing their 

leaves in  summer of 2005 and 2 006. However, wi l low reta i ned the i r  leaves for a 

longer period than poplar .  Pop lar shed most of the i r  leaves by the end of May 

(Plate 3 .3a) but wil low retained some leaves unt i l  the last week of June (p late 

3 . 3b) . Wi l low gal l  sawfly attack was observed du ring the early summer of 2004-

2005 and of 2005-2006 and lasted unti l early autumn and damaged some of the 

leaves . The redd ish-brown ga l ls were visible on the leaves (P late 3 . 5b) .  Trees 

were sprayed twice with Orthene spray chemica l .  The l iqu id conta ins 1 95 g L-1 
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acephate in the form of a solub le concentrate p lus 346 g L-1 ethylene g lyco l .  

The chemical i s  absorbed by  plant and translocated in  the sap stream. This 

spray was effective i n  conta in ing serious damage to the tree leaves . 

(a) 
Plate 3 .3  

(b) 
(a) View of poplar defo l iation on May 29, 2006 i n  poplar pasture (PP) 
treatment at  Mogin ie ,  Manawatu. (b)  View of wil low defol iation on May 29,  
2006 in  wi l low pasture (WP) treatment at Mogin ie ,  M anawatu .  

I n  2006 , sprouting started in late August i n  wi l low but poplar leaves d id not 

emerge unt i l  late September, when wi l low trees were a lmost fu l ly covered with 

leaves . However, wi l low leaves d id not reach their maximum size unt i l  

September. Wi l low produced l ig ht g reen leaves but poplar's newly emerg ing 

leaves were of reddish co lour (P late 3 .4a ,b )  exhib iti ng some aesthetic va lue in  a 

si lvopastoral system. 

Ca) Cb) 
Plate 3 .4  (a) Poplar leaf sprouting as on 30th September 2006 i n  poplar  pasture (PP)  

treatment at  Mogin ie ,  M anawatu . (b) Wi l low leaf sprouting as on 30th 
September 2006 in wi l low pasture (WP) treatment at M ogin ie ,  Manawatu.  
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3.3.4 Pastu re s pecies com position 

The major pasture species present were ryegrass (Lolium perene L) and 

Yorkshire fog (Holcus lanatus L) along with wh ite clover (Trifolium repens) . 

Weeds l ike buttercup (Ranunculus spp) constituted 7 - 1 1 .4 % of the tota l 

composition .  The partition ing of d ifferent botan ical components of the sward 

revea led that Lolium perene was the p redominant species (Tab le 3 . 1 )  i n  al l  the 

treatments. Lolium perene was about 59 % and 60 % in WP and OP wh i le in  pp  

i t  exceeded 70 % .  A l l  other species contributed about 30-40 % of the tota l 

composition in  a l l  treatments .  However, there were no sign ificant differences 

between the same species between treatments (P > 0.05) .  

Table 3. 1 The spring pasture species composition (%) from wi l low pasture 
(WP) , poplar pasture (PP)  and open pasture (OP) treatments at 
Mogin ie, Manawatu . 

R;tegrass Fog Clover Weed Other Dead 

Treatment 

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 

WP 59.3 1 1 .2 20.3 9.0 3 .6 1 .6 1 1 .4 1 .4 2.9 1 .8 2 . 4 0 .2 
pp 70 .6 1 1 .4 6 . 1 4.7 4 .9 1 .0 6.9 2 . 5 9 .9 5 .6 1 .5 0 . 1  
OP 59.8 8.7 7.3 2 .3 2 .2 0. 5 1 0 . 1 1 .9 1 7 .4 9 . 5  3 1 0 .7 

3.3 .5 Pasture prod uction 

The total pasture production for the study period (Apri l ,  2005-March ,  2006) was 

sign ificantly d ifferent between treatments and was i n  the order of OP > PP > 

WP (P < 0 . 05) .  The mean annua l  production i n  the OP was 1 3 .4 ± 0.23 t OM ha-
1 y(1 whi le PP  and WP produced 1 2 .2 ± 0 .49 and 1 0 . 3  ± 0 . 55 t OM ha-1 y(1 , 

respectively . 

Overa l l ,  month-wise mean da i ly production (kg OM ha-1 day-1 ) was sign ificantly 

d ifferent between WP and the other two treatments b ut there was no difference 

between OP and PP (OP = PP > WP, P < 0 .05) . The mean monthly NHA was 

28 .2 ,  33 .4 ,  and 36.7 kg OM ha-1 day-1 in WP, PP and OP,  respective ly. The 
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ind iv idua l  comparison between treatments on a monthly basis (F ig 3 .5) revealed 

that NHA was sign ificantly h igher in OP in the months of December and 

February than WP (P < 0 . 05) but there were no sign ificant d ifferences between 

pp and the other two treatments (F ig u re 3 .5 ) .  However, in January, NHA was 

s ign ificantly h igher in OP than i n  both pp  and WP (p  < 0 . 05) ,  but there were no 

d ifferences between WP and pp (38 ± 1 . 08 > 25 .9 ± 1 .44 = 21 .6 ± 3 .78 kg OM 

ha- 1 d ay-1 ) .  The NHA in other months du ring the study period remained s imi lar in 

a l l  treatments . 

Presumably NHA in  March was below zero in  WP but remained positive in OP 

and PP despite some i nd iv idua l  sample values being negative (F igure 3 .5) .  

Marked variations occurred between p lots of a l l  treatments i n  March . This was 

most l i kely due to i rrigation in the adjacent experiment (Chapter 5) . The 

i rr igation water was blown by wind on to some p lots and caused g reater pasture 

g rowth in  some plots at a d ry t ime of the year. 
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Figure 3 .5  Month wise mean dai ly  N HA rate (kg OM ha-1 day-1 ) from wi l low pasture 
(WP),  poplar pasture (PP)  and open pasture (OP) treatments at Mogin ie ,  
Manawatu . Values for Ju ly  and August were equal ly d istributed .  Bars show 
the SEM for each treatment. * denotes s ignificance at P < 0.05.  

Seasona l ly pooled data revealed that the NHA rate was sign ificantly (P < 0 . 05) 

lower in  WP than OP in spring and summer but PP was not d ifferent from other 
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treatments (Table 3 .2 ) .  The OM production in autumn a nd winter was s imi lar 

between a l l  treatments (Table 3 .2) . The major portion  of OM production 

occurred i n  spring in WP, pp and OP (47 % ,  42 % and 40 %), respectively. 

NHA rate decreased in summer in  a l l  treatments but major reduction occurred in 

WP (60 %) fol lowed by pp (53 %) and OP (37 %) compared with spring 

p roduction .  Herbage rate further  reduced i n  autumn in al l  treatments but WP 

reduced about (50 %) fol lowed by OP (42 %) and pp ( 1 9 %) compared with 

summer, respectively. Nevertheless, autumn was the least contributor to the 

total herbage production . 

Table 3 .2  Seasonal N HA rate ( kg OM ha-1 day-1 ) in wil low pasture (WP) ,  poplar 
pasture (PP) and 
Manawatu .  

Treatment 

WP 

PP 

OP 

LSD (0 .05) 
Significance 

Spring 

49 .45 

55 .93 

59 .20 

7 .62 
0 . 0427 

open pasture 

Summer 

1 9 . 70 

26 .4 1  

37 .08 

1 1 .26 
0 .0 1 37 

(OP) treatments at 

Autumn 

1 0 .03 

2 1 . 32 

2 1 .68 

1 4 . 79 
0 . 855 

Winter 

25 .68 

30 . 1 1 

28 .77 

3 .78 
0 . 0654 

3. 3.6 Soil  vo l u metric moistu re content (%) 

3 .3.6.1  0-1 50 mm depth 

Mogin ie ,  

At the time of establ ishment of the experiment, so i l  moisture contents were 

c lose to fie ld capacity (45 %) .  For example ,  on 1 4th October 2004 ,  the soil 

moistu re contents were 46.2 ± 0 .25 %, 49 . 1  ± 2 .23 % and 42 .6 ± 4 . 5  % in WP, 

PP and OP ,  respectively . However, soi l moisture content was not significantly 

d ifferent between treatments (P > 0 . 05) at the start of the experiment. Soil 

moistu re content varied between months and between different dates in the 

same month in  al l treatments throughout the study period . The months of winter 

and spring had h igher soil moisture content than summer and autumn months 

( Figure 3 .6 ) .  
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Sign ificant d ifferences were measured only a few times du ring the study period . 

For example , i n  2005, the s ign ificant d ifferences occurred between treatments 

on ly on 6th May when soi l moisture content was lower in WP compared with pp 

(P  < 0 .04) ,  but  OP was not sign ificantly d ifferent from pp or  WP . However, the 

d ifferences were not noted again unti l 30th January, 2006 when WP again had 

lower soi l  moisture content compared with pp (P < 0 .04) , but there were no 

s ign ificant d ifferences between OP and WP or PP.  On ih February, 2006, the 

soi l  moisture content in WP was significantly lower than both pp and OP (P < 

0 .005) . However, on 20th February, soi l  moisture was sign ificantly lower in  WP 

on ly compared with OP (P  < 0 .04) .  
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Figure 3 .6  Volumetric soi l  moisture content (%) from wil low pasture (WP) , poplar 
pasture (PP) and open pasture (OP) treatments at 0-1 50 mm depth at 
Mog in ie,  M anawatu . Line bars show the SEM for each treatment. * denotes 
sign ificance at P < 0 .05.  

3.3.6.2 0-300 mm depth 

Overa l l  mean soil moistu re contents values were not s ign ificantly d ifferent 

between treatments (P > 0 .05) for 0-300 mm depth . The h ighest soi l moisture 

contents value in  a l l  treatments was fou nd on 1 8th Ju ly 2005 (F ig u re 3 .7) ,  

compared with measurements made at  a l l  other times du ring the study period 

(P < 0 .000 1 ) . S ign ificant d ifferences between treatments fi rst appeared on 1 6th 

January, 2006 , when moisture contents were lower in  WP compared with OP 
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and pp whi le values for pp were also sign ificantly l ower than  OP (P < 0 . 0 1 ) .  

Although d ifferences were a lso found o n  26th January, 2006 when soi l moisture 

values were significantly lower in WP compared with both OP and pp ( P  < 0 . 04) 

but were not consistent throughout the month and were not s ign ificant on 30th 

January 2006 between the treatments. S ign ificant d ifferences between 

treatments were again found on th February 2006 , a nd were in the order of WP 

< pp < OP (P < 0. 006) . These d ifferences remained consistent on 7th and 20th 

February and th March ,  2006, but not on 1 4th February, 2006, and were in the 

order of WP = pp < OP ( P < 0 . 05) .  

The partition ing of the soi l  moisture contents between 0-1 50 mm and 1 50-300 

mm depths fu rther confirmed that trees were using more water in  summer at 

1 50-300 mm depth than pasture a lone with significant d ifferences at only th ree 

occasions (Appendix 3 . 1 ) . The d ifferences were noted on 1 6th January ,  2006, 

when OP had sign ificantly h ig her moisture content compared with WP (P < 

0 .04) ,  but pp was not s ign ificantly d ifferent from WP and OP .  On  ih Februa ry 

2006 , the soi l  moisture contents were s ign ificantly h igher in OP compared with 

WP and pp (P < 0. 02 1 ) ,  but no sign ificant differences were found between WP 

and PP. A s im i lar trend was found on 20th February 2006 , but not on 1 4th 

February ,  or on ih March 2006 when measurements ceased . 
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Figure 3 .7  Vol umetric soi l  moisture content (%) from wil low pasture (WP) ,  poplar 
pasture (PP) and open pasture (OP) treatments at 0-300 mm depth at 
Mogin ie ,  Manawatu .  The l ine bars show the SEM for each treatment. * 

denotes significance at P < 0.05. 
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3.3.6.3 0-450 mm depth 

The soi l  moisture contents for the 0-450 mm soi l depth varied with t ime with in  

the same treatment and were sign ificantly h igher on  1 4th October, 2004 

compared with al l  other t imes, except from soi l moisture content on 1 8th Ju ly ,  

2005 and 30th September, 2005 (P < 0 .000 1 ) .  However, there were no 

s ignificant d ifferences ( Figu re 3 . 8) between treatments throughout the study 

period (P > 0 .05) .  

The calculation of soi l moisture content for 300-450 mm depth (Append ix 3 .2) 

revealed that the soi l  moisture contents d ifference between treatments 

remained non-sign ificant throughout the study period except for some u nknown 

reasons on 1 ih October 2005 , when values for pp  were sign ificantly h igher 

compared with OP and WP (P < 0 .05) . Therefore, resu lts ind icated that trees 

were not affecting soi l moisture below 300 mm depth at th is age. Though not 

s ign ificant, there was a general trend i n  soi l moisture being lower in  pp in  late 

summer 2006 than WP and OP ,  suggesting that poplar roots were p robably 

extending deeper than wil low. 
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Figure 3 . 8  Vol umetric soi l  moisture content (%) from wi l low pasture (WP),  poplar 
pasture (PP) and open pasture (OP) treatments at 0-450 mm depth at 
Mogin ie ,  Manawatu .  The l ine bars show the SEM for each treatment . 
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3.3.6.4 Moistu re content and pastu re prod uction 

Overa l l ,  there was no l i near relationsh i p  between  soi l  moisture at 0- 1 50 mm 

depth and pasture production for a l l  the months but a logarithmic re lationsh ip  

existed . However, a good l i near relationsh ip  existed from September to Apri l  i n  

a l l  treatments (Fig ure 3 . 9) . The relationsh ip  was  in  t he  order of pp (R2 
= 

0 . 9392) fol lowed by WP ( R2 
= 0 . 8668) and O P  (R2 

= 0. 8633).  

Regression analysis between mean monthly pasture OM prod uction and soi l  

moisture from September to Apr i l  was h ig h ly s ign ifica nt (P = 0.00 1 ) i n  a l l  

treatments . The reg ression equation for each treatment is g iven below. 

WP (kg OM ha-1 month-1 ) = -362 + 49 .3 moisture 

R2 
= 0 .87 

pp (kg OM ha-1 month- 1 ) = - 640 + 64 . 4  moisture 

R2 
= 0. 94 

OP (kg OM ha-1 month- 1 ) = - 1 68 + 52 . 5 moisture 

R2 
= 0 . 86 
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Figure 3 .9  Relationship between so i l  moisture at 0-1 50 mm depth and N HA rate (kg 
OM ha-1 month-1 ) from September-Apri l .  M oisture data is the mean for each 
month from wil low pasture (WP),  popl a r  past u re (PP) and open pasture 
(OP) treatments at Mogin ie ,  Manawatu. 

N HA also red uced sharp ly i n  all treatments from November, 2005 to March , 

2006 as a consequence of the decrease in  soi l moisture level .  Sign ificant 
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d ifferences i n  NHA between treatments were a lso restricted to summer months 

and coincided with soi l  moistu re stress periods .  Like soi l moisture, NHA was 

also s ign ificantly less in WP and pp compared with �P .  This coincidence of 

smal ler soi l  moisture content with decreased NHA ind icates that trees were 

us ing more soi l  water du ring summer months than pastu re alone. 

88 



Chapter 3 

3 .4 Discussion 

3.4. 1 Wil l ow a n d  poplar  esta b l is h ment a n d  pasture g rowth 

I n  New Zealand, wi l low and poplar unrooted cuttings (stakes) are usual ly 

planted in August and September (Evans, 1 973) but due to unavoidable 

ci rcumstances, the p lant ing for this part icu la r  experiment was in October (2004) .  

Desp ite the later t iming of  p lanti ng ,  wi l l ow and poplar  had 1 00 % in it ia l sprouting 

and started g rowing wel l  (P late 3 . 1 b ) .  Th is was partly due to a good level of soi l  

moistu re (> 40%) i n  the upper soi l  depths (0- 1 50 mm and 0-300 mm depth) 

du ring the month of p lanti ng .  However, as expected , d ur ing summer the soi l 

moisture level decreased to wi lt ing point ( 1 5 . 3  %) i n  late January 2005. At th is 

stage, there was premature leaf fa l l ,  l i kely d ue to so i l  moisture stress (McElwee 

& Knowles , 2000) . At th is stage the p lots were i rrigated weekly using water from 

a nearby smal l  dam through a sprink ler system unt i l  sufficient rai nfa l l  occurred 

(P late 3 . 5a ) .Th is provided rel ief from moisture stress to the p lants and the 

opportun ity for g rowth du ring summer. Pos itive effects of i rrigation on pop lar  

tree survival have been reported i n  South Caro l i na ,  USA (Coylea et  a l . ,  2006) . 

Despite a few losses among poplar p lants , the overa l l  p lant survival was 

satisfactory by the end of the first year  for both wi l low and poplar ( 1 00 % vs 97 

%), respectively. However, du ring the 2nd year ,  more poplar p lants d ied and the 

survival rate d ropped down to 90 %, but wi l lows maintai ned a 1 00 % survival 

rate. 

The survival rates for both wi l low and poplar ind icated that establ ishment 

through un rooted stem cutt ings (stakes) can g ive satisfactory resu lts .  Hathaway 

( 1 986) also noted that use of unrooted stem cutt ings was one of the most 

conven ient methods for estab l ish i ng Popu/us and Sa/ix species. Coylea et aI . ,  

(2006) eva l uated 3 1  d ifferent poplar clones (comprised of both p ure species 

and hybrids) and reported that survival rate d iffered sign ificantly among clones 

and varied between 27 % to 96 % and 25 % to 72 % in the first and second year 

of the study, respectively . However, fou r  of the five clones with the h ighest 

surviva l were hybrids .  Douglas et a l . ,  (2003) reported an overa l l  93 % and 90 % 

survival rate for Tangoio wil low after the 1 sI and 2nd year's g rowth, respectively. 
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However, d ifferent stake sizes were used and resu lts varied with the size of 

stakes. The tr ial was located on a sheep and beef farm near Takapau i n  centra l 

Hawke's Bay, with different c l imatic cond it ions and un l i ke the current study, the 

p lants were never i rrigated du ring d rought .  The use of unrooted cutt ings has 

been evaluated for Pinus radiata on a tria l  basis in New Zealand at d ifferent 

s ites i n  Bay of Plenty/ South Waikato reg ion with survival rates vary ing from 2 1  

% on  a farm s ite , to 75 % on  a V-bladed cutover s ite (cultivated g round)  (Anon , 

1 995) . Th is p ropagation method has the advantage of improved tree form and 

stab i l ity against wind damage and reduced cost per p lant (Anon ,  1 995 ;  Zsuffa , 

1 992) .  Unrooted stem cutt ings of wi l low produce as much fol iage as rooted 

stem cuttings but provide cheaper estab l ishment than rooted cutti ngs (Oppong ,  

1 998) .  Su la iman (2006) reported that survival rates ranged between 91  % to 99 

% and 92 % to 1 00 % for Tangoio wi l low and Veronese poplar for d ifferent sized 

u nrooted stem cutt ings and p lanting depths ,  respectively . 

The tree survival rate for wi l low and poplar has been l i nked to stem cutt ing 

d i ameter, with h igher survival for th ick stem cutt ing (Su la iman, 2006) , p robably 

d ue to higher nutrient and carbohydrate reserve. However, Poplar losses in the 

current study were not specifica l ly l inked to any stem d iameter class. 

Plate 3 . 5  (a) I rrigation i n  wi l low pasture (WP) and poplar  pasture (PP) treatments 
using sprinkler system during drought i n  summer 2005 at Mogin ie ,  
Manawatu . (b)  Wi l low ga l l  saw fly (Pontania proxima) attack (reddish brown 
gal ls) on leaves duri ng summer at Mogin ie ,  M anawatu .  
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Wi l l ow grew faster than poplar and produced more shoots, thereby g iv ing a 

s ign ificantly larger canopy d iameter (P < 0 . 05) .  Doug las et a l . ,  (2003) reported 

the longest reg rowth shoot ranging from 0 .3- 1 . 1 m for Tangoio wil low across 

d ifferent treatments i nvolving d ifferent size stakes and cutt ing heights . Oppong 

( 1 998) reported that leader length ranged from 1 . 0 to 1 .8 m whi le the number of 

shoots ranged from 38 to 48 for Tangoio wi l low after i n it ia l  coppice cuts made i n  

d ifferent seasons (winter, spr ing and summer) . These shoot numbers are 

g reater than the numbers compared with the n umber reported i n  the present 

study and are due to frequent coppic ing and the fact that the wi l low trees were 

establ ished two years prior to the start of the experiment. Su la iman (2006) 

reported h igher shoot number (up to 1 6) for Tangoio wi l low compared with 

Veronese poplar (up to 7) . 

The shoot number and canopy d iameter i ncreased with increase i n  stem 

d iameter, probably because h igher food reserves in the beg inn ing help produce 

more shoots i n  th icker stem cutt ings lead ing to la rger canopy d iameter l ater on .  

For example ,  Kozlowski ( 1 97 1 ) reported that current-year shoots of deciduous 

trees depend for thei r  early g rowth on stored resou rces i n  o lder stems. 

S imi lar ly , large stem cutting at p lant ing has been reported to encourage early 

fruit production in apple (Van Oosten ,  1 978) . Su la iman (2006) also reported that 

stem diameter had s ign ificant positive effect on tree shoot number, length and 

canopy d iameter in Tangoio wi l low and Veronese poplar . Also, the basal stem 

cross-sect ional area of the fi rst order b ranches of Betula maximowicziana, Acer 

mono var. mayrii and Quercus crispula (deciduous trees) has been found to be 

p roportional to the number of current year shoots on such b ranches (Suzuk i ,  

2003) .  

The d ifference i n  t im ing of sprouting at the start of g rowing season (P late 3 .4a ,  

b) between wi l low and poplar reflects the genetic tra it of the species and may 

have consequences for the early fodder and final b iomass p roduction .  For 

example ,  Ronnberg-Wastljung (200 1 ) has shown that ,  in wi l lows, the phenology 

of bud burst is under strong genetic contro l .  Also, plants that start g rowing 

rapid ly ear ly i n  a season ( rapid starters) m ight ga in  a great advantage i n  annua l  

production compared to those start ing g rowth s lowly or later i n  the season (s low 
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starters) (Kopp et a l . ,  200 1 ) .  Wei h  & Nordh (2002) reported that most wi l low 

clones with very low in it ia l p lant b iomass g rew to relatively smal l  fi na l  b iomass 

and add itional b iomass ga in  late in the season hard ly compensated for the s low 

g rowth of s low starters early i n  the season .  

The wi l low and poplar responded to water stress during late summer and early 

autumn by shedd ing leaves . Leaf shedd ing is a common phenomenon during 

d rought .  For example, Roygard ( 1 999) reported that S. kinuyanagi and E. nitens 

responded to water stress by shedd ing leaves. Leaf loss occurs to d ifferent 

degrees in most species, covering the range from evergreen to fu l ly deciduous 

trees (Wi l l iams et a l . ,  1 997) . However, Johnson et a l . ,  (2002) reported a s imi lar  

response by wi l low and pop lar to water stress. Besides loss of leaves , d rought 

can also result i n  desiccation of roots and twigs (Vesk & Westoby, 2003 ) .  Tyree , 

et a l . ,  ( 1 993) reported that due to d rought , leaves turned yel low and the petiole 

lost hyd rau l ic cond uctiv ity by 87 % lead ing to leaf shedd ing .  Other poss ib le 

reasons for leaf shedd ing cou ld be g reater leaf desiccat ion and l ight i ntensity 

(Laurance et a l . ,  2003) . 

U nder canopy closu re of 26 %,  the annua l  net herbage accumu lation (AN HA) i n  

WP treatment was 77 % of that of OP .  S im i l a rly ,  under 7 % canopy closure, p p  
produced 91  % ANHA of that of OP.  Th is  ind icates that wi l low can affect 

understorey pasture g rowth more than poplar ,  most l ike ly because of their fast 

g rowth, bigger crown and g reater number of shoots . On the other hand , a l l  

these g rowth components ind icate that wi l low are capable of producing more 

fodder and b iomass. However, the negative effects of trees on understorey 

pasture growth can be m in im ised through si lvicultura l  management p ractices 

such as th inn ing ,  prun ing ,  browsing and coppic ing etc . 

The resu lts presented here are i n  ag reement with the previous research 

conducted under broad leaved trees in New Zealand . For example, Wal l  (2006) 

concluded that in summer the canopy closure was strongly related ( i nversely) to 

stand level photosynthetica l ly active rad iat ion (PAR) transmission (� = 0. 88-

0 .97 ;  P < 0 .000 1 ) and was one of the best stand density ind ices to estimate 

PAR transmission ,  especial ly for the centra l  po int (Zone 3) between fou r  nuclei 

trees .  The same author reported that annual N HA under poplar canopy closures 
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of 25, 50 a nd 75 % was 77, 60 and 48 % of the open pasture, respectively .  I t  

was further noted that in the vert ica l ly projected gap between the fou r  nuclei 

trees , the annua l  N HA decreased by 6.6 % relative to open pasture for each 1 0  

% increase i n  canopy closure .  S im i lar resu lts were reported by Buckley, et a l . ,  

( 1 999) , who  found s imi lar  re lationsh i ps for stands dominated with either 

deciduous oak (Quercus rubra L .)  or evergreen red pine (Pinus resinosa Ait) . 

Nevertheless , there were notable d ifferences i n  the methodologies used i n  both 

stud ies. In the study of Buckley et a l . ,  ( 1 999) , l i ght measurements were based 

on instantaneous quantum-sensor read ings and canopy closure was 

determ ined with a concave spherical densitometer whi le Wal l  (2006) compared 

d ig ita l photos with measurements of d iffuse non- i ntercepted rad iation (D IFN)  

from spherical l ight meters . Dodd et a I . ,  (2005) conducted a fie ld study on  the 

effect of shade on pasture g rowth by creating d ifferent levels and durations of 

shade a rtific ia l ly .  The authors reported that ANHA decreased s ign ificantly under 

increasing levels of shade .  It was further noted that the level of shade 

accounted for 68 % of the variation wh i le shade du ration accounted for on ly 6 % 

of the variation i n  NHA. Power et a l . , ( 1 999) showed l i near decreases in pasture 

relative yield with increasing shade for E. nitens and P. radiata. 

Simi lar ly , Guevara-Escobar ( 1 999) reported 60 % less pastu re production under 

mature poplar trees compared with open pasture . Douglas et a l . ,  (200 1 )  

stud ied the effect of 8- 1 5  years o ld poplar on understorey pasture g rowth from 

two different sites and reported up to 1 4% less production under trees 

compared with open pasture .  Authors from both stud ies determined that shade 

was the major factor i n  reduced pasture growth . Conversely ,  G i lchrist et a l . ,  

( 1 993) d id not fi nd sign ificant d ifferences i n  pasture production under ind ividua l  

trees , inc lud ing wi l low and poplar at  d istances between 1 - 1 3  m from the tree 

trunk (P> 0 . 05) .  No measurements for l ight or soil moisture content were 

reported . Though not s ign ificant ,  it was argued that eucalypts , being an  

evergreen species, appeared to depress pasture g rowth more compared with 

wi l low and poplar .  

In genera l ,  p lant morphology is affected by changes i n  the i ntensity of PAR 

(Devkota , 2000; L ieffers et a l . ,  1 999) .  The reduced levels of PAR in the range of 
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tree-shade causes a decrease i n  t i l ler/branch appearance (Devkota et a l . ,  1 997 ;  

Gautier et a l . , 1 999) and root b iomass (Wi lson ,  1 997) .  Accord i ng to the mode l  

developed by Wal l  (2006) , t i l ler/branch production per  p lant i n  the perenn ia l  

ryeg rass/wh ite clover sward would cease at  around 85 % canopy closure i n  

summer. 

Tree spacing (stocking rate) ,  age, and the nature of trees (evergreen vs 

deciduous) a lso determ ine the level of pasture g rowth i n  a s i lvopastora l system . 

Hawke ( 1 99 1 )  reported a clear pattern of decreas ing pasture yields, with 

i ncreasing tree stocking and age. For example ,  it was reported that there was 

an i ncrease in pasture p roduction under trees at the spacing of 50 stems ha-1 of 

Pinus radiata relative to open pasture in year three but a 1 5  % decl i ne after 1 3  

years . At the h igher stocking rate of 200 stems per ha ,  the pasture yield fel l  82 

% after 1 3  years .  S imi larly, it has been reported that i ncreasing tree age and 

stocking can reduce the l ivestock carrying capacity (Percival & Hawke , 1 985) .  

However, the effect of i ncreas ing tree stocking rate and age can be offset by 

good farm management and s i lvicu ltu ral pract ices . 

The reduction i n  pasture g rowth i n  summer may not be a function of canopy 

closure a lone. For example ,  in temperate c l imates , the i ntensity of PAR i n  

summer may exceed the photosynthetic capacity of pastu re p lants. Therefore, 

even under moderate levels of shade the i ntensity of PAR may sti l l  actual ly 

exceed , or  at least be near, the understorey plant's maximum photosynthetic 

capacity , thereby having l ittle effect on growth and development (Wa l l ,  2006) . 

Conversely , i n  winter, the i ntensity of PAR in the open is normal ly much lower 

than i n  summer and a s imi lar  level of shade i n  this season wou ld l ikely have a 

g reater impact on growth of the understorey plants (Wi lson ,  1 997) .  

The response of pastures to changes in the level of l i ght is a lso i nfluenced by 

the water ava i lab i l ity and temperature (Alberda ,  1 965; Sanderson et a l . ,  1 997) .  

U nder l im ited temperature or water, the photosynthetic response of a plant 

reaches its maximum at a lower level of l ight compared to when these abiotic 

factors are non- l imit ing for plant g rowth and development (Alberda ,  1 965; 

Wilson ,  1 997) .  Thus ,  a moderate decrease in the level of PAR from open 

pasture values may have l itt le impact on plant g rowth and development when 
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other abiotic factors a re l im it ing . However, when under certain s ituations the 

tree canopy improves the above abiotic factors, the understorey photosynthesis 

can i ncrease i n  fu l l  sun l ight re lat ive to open condit ions (Wi ld et a l . ,  1 993; 

Wi lson ,  1 996; Wong & Wilson ,  1 980) .  

3.4.2 Soil  moistu re content and relation s h i p  with N HA 

D ifferences i n  soil moisture content at a l l  depths rema ined non-sign ificant 

between treatments throughout the fi rst year of g rowth after p lant ing the wi l l ow 

and poplar . S ign ificant d ifferences were not expected du ring th is period 

because of the very smal l  s ize of wi l low and poplar trees . Also , root systems 

were l ikely to be developed very l itt le .  He i lman et a l . ,  ( 1 994) showed that after 

the fi rst year of growth ,  fi rst order roots or ig inat ing from the s ides of cutt ings i n  

d ifferent poplar clones were , on average, only 54 cm long . However marked 

variations were observed between d ifferent clones with root lengths as smal l  as 

1 2  cm for some clones. Soil moisture content decreased sharply from October 

2005 onward and reached stress level « 25 %) in December. In peak summer 

and ear ly autumn (January-March) the values for soi l  moisture content 

decreased further and were below wi lt ing point « 1 5 .3  %) (Gradwe l l , 1 974) at 

times in 0- 1 50 and 0-300 mm depths ,  as a consequence of increased 

temperature , less ra i nfa l l  and i ncreased evapotranspirat ion in all treatments . 

Statistica l ly s ign ificant d ifferences i n  soi l  moisture content at 0- 1 50 mm and 0-

300 mm depth between treatments were apparent in the second year but were 

restricted to summer and some autumn  months (March) .  However ,  the 

decrease in so i l  moistu re in WP was more severe , than OP whi le p p  fl uctuated 

between WP and OP. The d ifferences in soi l  moisture content in the so i l  stratum  

below 300 mm depth remained non-sign ificant throughout the study period 

except for a s ing le i ncidence on 1 ih October 2005, when moisture contents 

were h igher in OP compared with WP and pp (Append ix 3 .2 ) .  The apparent 

d ifferences in soi l moisture to a depth of 300 mm coincided with the plant ing 

depth of the wi l low and poplar . This ind icates that most of the wi l low and pop lar 

roots were with i n  the 0- 300 mm depth . 
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Stud ies i n  the temperate zone, hum id tropics and semi arid trop ics have shown 

that the g reatest tree roots density is in the top 300 mm of soi l ( Imo & Timmer, 

2000; Jose et a l . , 2000; Lehmann et a l . ,  1 998) .  Puri et a l . , ( 1 994) stud ied the 

d istribut ion of coarse and fine roots of n ine year o ld Populus deltoides and 

reported that most of the coarse roots were d istributed i n  the top 300 mm of 

soi l ,  whereas fine roots were concentrated in the top 1 50 mm.  S imi la rly ,  Jose et 

a l . ,  (2000) reported that the root systems of 1 1  year o ld b lack walnut and red 

oak were found to mostly occupy the top 300 mm of soi l and decreased i n  

density with depth . 

Mclvor et a l . ,  (2006) stud ied three d ifferent aged (5 ,  7 and 9 yrs) Veronese 

poplar (Populus deltoides x nigra) root architecture and d istri bution systems i n  

New Zealand h i l l  country and reported that rad ia l  structura l  roots (�  2 mm 

d iameter) were general ly with in 400 mm of the g round surface , with many bei ng 

located with i n  1 50 mm of the surface . It was also observed that roots g rowing 

downs lope rarely g rew below 1 00 mm of the so i l  su rface , except at  their 

terminus .  Doug las et a l . ,  (2006) reported that the soi l water content in open

pasture was 8 % higher (0 .26 m3 m-3) in summer than beneath (2 m from tree 

stem) 8- 1 1  years old poplar trees (0 .24 m3 m-3) at 0-200 mm depth . 

Soi l  water stress causes reduction i n  t i l ler  density and rates of leaf extens ion 

and appearance i n  g rasses (Barker et a l . ,  1 985) .  Water stress a lso causes large 

reductions in plant height (Robertson ,  1 994) and leaf a rea (NeSmith & Ritchie, 

1 992) .  The competitive i nteract ions between trees and understory crop for soi l  

water become more i ntense as so i l  water is dep leted (M i l ler & Pa l lardy, 200 1 ) . 

Jose et a l . ,  (2004) ,  i n  their review " I nterspecific in teract ions i n  temperate 

ag roforestry" based on data from site-specific research and demonstration tria ls 

from temperate agroforestry systems, pr imari ly from temperate North America , 

showed that competit ive interactions i nvolving water seem to be the most 

i nfluential d riv ing force of p roductivity i n  both al ley cropping and s i lvopastoral 

systems. 

I n  the current study, a lthough soi l moisture deficiency affected N HA rate du ri ng  

summer, the q uantification of  the loss of  pasture g rowth due to moisture stress 

is not possib le in the p resence of shade. In other words ,  in the absence of l ig ht 
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intensity data from the experimenta l s ite , the degree of infl uence between soi l  

moisture a nd shade can on ly be speculated . However, pooled seasona l  d ata 

revealed that spring prod uction was s ign ificantly less under wi l low pasture 

compared with open-pasture .  This shows that the shade effect started i n  spri ng ,  

a period when soi l  moisture was not l im iti ng  pasture growth.  In  th is period 

shade influenced pasture g rowth more than soi l  moisture. 
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3 .5  Conclusions 

Wil low and poplar establ ishment us ing un rooted stem cutt ings was a successfu l 

and conven ient method that p roduced good resu lts despite delayed p lanting . 

The wi l low and poplar survival rate was s im i lar  ( 1 00 % vs 95 %) after two years , 

respectively. Wil low g rew faster than poplar and ga ined g reater height ( 1 . 90 vs 

1 . 35 m) ,  stem d iameter (43 .5 vs 32 .6 mm) canopy d iameter (68 .90 vs 34 .4 1  cm) 

a nd n umber of shoots (8 .77 vs 2 .25) at the age of two years , respectively .  I nitia l  

stem d iameter was i n  a strong l inear relationsh ip with fina l  stem d iameter (R2 = 
0 .8 1 ) .  

The wi l low and poplar s ign ificantly red uced understorey pasture g rowth i n  thei r  

second year main ly due to shade and some soi l  moisture effect in  late summer. 

The tota l  annua l  pasture production in wi l low pasture and poplar pasture was 

reduced by 23 % and 9 % compared with open-pasture ( 1 0 . 3 ,  1 2 .2  vs 1 3 . 4  t OM 
ha-1 y(\ respectively. The mean month ly NHA was 28 .2 ,  33 .4 ,  and 36 .7 kg OM 
ha-1 day-1 with major pasture production in spr ing i n  WP, p p  and OP (47 %, 42 

% and 40 %) , respectively .  The effect of trees on soi l  moisture content was 

with i n  300 mm soil depth in summer. The canopy d iameter gave a good 

measure of PAR transmission and shade between fou r  nuclei trees. Wi l low and 

poplar had 26 % and 7 % canopy cover in the 2nd year. 
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Chapter 4 

4 . 1  I ntroduction  

I n  add it ion to their pr imary role as soi l  conservation trees, wi l low and poplar are 

a lso used i n  a variety of other s ituations, i nc lud ing provis ion of l ivestock fodder ,  

d u ri ng  times of drought (Cameron, 2003) . In summer d ry h i l l  country , such as i n  

the Wairarapa ,  lack of soi l moisture i n  summer and  autumn restricts pasture 

g rowth (Radcl iffe , 1 975) . Farmers obta in tree fodder by prun ing and pol lard ing 

soi l conservation trees , by copp icing or  g razing l ivestock on fodder blocks , or by 

tak ing advantage of leaf fa l l  from trees. Under a Susta inable Farm ing Fund 

P roject, the M in istry of Ag ricu lture and Forestry (MAF) has taken steps to 

enhance the concept of tree fodder use on l ivestock farms i n  New Zealand 

(Charlton et a l . ,  2003) . 

Severa l wi l low species a re used as fodder trees with vary ing regrowth rates 

after harvest. For example, S .  matsudana has been fou nd to perform rel iab ly 

whereas Pussy wi l low's (S.  x ca/odendron and S. x reichardtii) soft and 

pa latable bark has been reported an easy target for ri ng barking (Olsen & 

Charlton ,  2003) . Douglas et a l . ,  ( 1 996) ,  and McCabe & Barry ( 1 988) have a lso 

eva luated severa l species/clones of wi l low in tr ial fodder b locks, with the most 

promis ing being the tree wi l low hybrid Salix matsudana x alba clone 'Tangoio ' .  

Tangoio is palatable and p roductive, has good nutritive value (McCabe & Barry, 

1 988) a nd is one of the most d rought tolerant of the wi l lows (Doug las et a I . ,  

1 996; Moore et a I . ,  2003) . However, S. kinuyanagi, S .  viminalis 'G igantea '  and 

matsudana x alba 'Wairake i '  have also shown potential in fodder b lock 

p lantations (Doug las et a l . ,  2003) . 

Severa l farmers also use trees i n  copp ices i n  the southern North Is land .  The 

terms "copp ice b lock" and "browse block" are synonymous ,  with only m inor 

d ifferences in s i lvicu ltural and g razing management practices. Such b locks 

usua l ly comprise of wi l low (Charlton et aI . ,  2003) planted close together, usua l ly 

i n  rows (Kemp et a l . ,  2001 ) enab l ing a block to be g razed row-by-row using an 

e lectric fence to ration the fodder. 
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The ma in purpose of p lant ing fodder trees, espec ia l ly wi l low browse b locks, on 

farms is to p roduce a potentia l  source of supp lementa ry forage (green) d ur ing 

summer .  Secondly, d ue to the ab i l ity of wi l low to g row in swampy pastures, the 

u nderused areas on farms cou ld possib ly be made more p roductive (Doug las et 

a l . ,  2003) .  Forage from trees can benefit farm an imals by p roviding green 

fodder in d roughts and benefit the farmers by reducing labour cost by g razing 

ewes on these fodder b locks dur ing mating (Pitta et a l . ,  2005) . 

Wil low can offer better forage than d rought pasture (Kemp et a l . ,  2003) with 

reasonable nutritive value and d igestib i l ity (Douglas et a l . ,  1 996; Oppong et a l . ,  

200 1 )  i n  summer and autumn ,  a t ime when it i s  most needed due  to low ra infa l l  

resu lt i ng i n  low pasture product ion (Oppong et a l . ,  1 996). Wi l low browse b lock 

stud ies have shown p romis ing results with regard to the maintenance of ewe 

health and reproductive performance (P itta et a I . ,  2005; Pitta et a I . ,  2006) . 

Supp lementing with wi l low tree trimmings can i ncrease conception rate and 

fecund ity i n  sheep whi le lamb mortal ity could be reduced compared with g razing 

d rought pasture (McWi l l i am ,  2004) . 

S i lvopastora l systems a im at susta i nab i l ity and effic ient use of natural resources 

on farms and wi l low browse blocks are requ i red to be understorey pasture 

friend ly . N umerous stud ies i n  the past (Doug las et a l . , 2001 ; Guevara-Escobar, 

1 999 ;  Wal l  et a I . ,  1 997) and chapter three of th is thesis have shown adverse 

effects of trees on understorey pasture g rowth in New Zealand .  It is a lso known 

that wi l low tree b iomass in a browse block planted at h igh  density (>6000 stems 

ha-1 ) remains less than 20 % of that of the understorey pasture (Doug las et a l . ,  

2003) .  I t  is evident that though wi l low browse blocks can help supp lement 

forage du ring d roughts , the understorey pasture wi l l  remain the major feed 

source for l ivestock in such a system .  Therefore , it is important to have good 

pasture g rowth in these wil low browse b locks. This is on ly poss ib le through best 

management p ractices that take into account a l l  the env i ronmenta l factors that 

a re affected by trees that might l im it pasture g rowth in such b locks. The 

implementation of such practices wi l l  requ i re assessment and quantification of 

these factors. Currently ,  knowledge about such factors in b rowse b locks is 
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lack ing i n  New Zealand , p rompting the need for such a study. Therefore the 

objectives of this tr ial were to : 

( i )  investigate the changes in soil moisture content i n  a wi l low b rowse block 

in comparison with rotational ly g razed open pasture , 

( i i )  determine the pasture g rowth d ifferences between open pasture and in 

a wi l low browse b lock i n  re lation to tree shade and soi l moisture effect, 

( i i i )  measure the effect of late spring browsing on wi l low leaf area 

development and i ts imp l ications for u nderstorey pasture g rowth , and 

( iv) study other possib le factors such as pasture species composit ion ,  that 

may i nfluence pasture g rowth . 
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4.2 Materia ls and methods 

4 .2 . 1  S ite d escri ption 

The experiment was conducted at Massey Un ivers ity's R iverside Farm , located 

1 5  km north of Masterton .  The soi l type belongs to 'Otuku ra Soi l  Series' 

(Terrace Co l luv ium Component) (Pol l  ok et a l . ,  1 994) . The top soi l  (average 1 8  

cm) is s i lt loam wh i le the subsoi l is s i lty clay loam.  The site is characterised by 

low productive rush infested swamp and low ly i ng  wet areas . Due to water 

logg ing ,  water-table is reduced by open d ra ins .  Wi l low were estab l ished in 2001  

from stakes (0 .7  m long) a t  1 .2 m x 1 .2 m spac ing procured from Wel l i ngton 

Reg iona l  Counci l 's Akura Nu rsery , near Masterton (D ipti P itta ,  Personal  

commun ication) .  The cultivar p lanted i n  this particu la r  block is Salix viminalis 

' Kin uyanag i '  (PN 386) . Wi l low b lock was establ ished at the toe of a steep h i l ly 

terra i n  and s ite hyd rology was q uite complex due to water seepage (sect ion 

6 . 5) .  Wi l low were browsed with sheep i n  late November 2004 and fenced before 

WP plots were closed to further g razing .  However, OP p lots were g razed 

rotat iona l ly with sheep through out the period of tria l .  

4.2.2 Experimenta l  des i g n  a n d  treatme nts 

Four wi l low p lots ( 1 0 m x 5 m) were randomly selected in close p roxim ity with in 

a 1 .5 ha wi l low b lock . The p lots consisted of wi l l ow trees that have been g razed 

previously with sheep twice every year after being copp iced to stump level i n  

their second winter. Four  pasture p lots of  the same size were also selected i n  a 

nearby area .  Thus ,  the experiment consisted of two treatments; wi l low pasture 

(WP) and open pasture (OP) ,  with fou r  rep l icates of each treatment. 

4.2.3 Soi l sam p l i ng a n d  laboratory a na lyses 

4.2.3.1 Olsen P 

Soi l  samples were col lected from a l l  WP and OP plots us ing a so i l  a uger. Each 

sample consisted of five sub samp les taken d iagona l ly across each p lot at 0-75 
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mm and 75- 1 50 mm depths. Samples were ana lysed for Olsen P and soi l pH 

us ing the methodology described i n  section 3 .2 .4 . 1 .  

4.2.3.2 Soi l  bulk density 

Soi l  samp les were collected from two randomly selected positions from two 

p lots in each treatment us ing Aslam 's root/soi l  corer (Aslam, 2005) . The corer 

was vertical ly d riven i nto the soi l to 450 mm depth . After taking the corer out of 

the g round , a single soi l sample (450 mm long) was released on a graduated 

wooden board and then d ivided into three equal parts of 1 50 mm length . Th is 

corresponded to soi l  depths of 0- 1 50 mm, 1 50-300 mm and 300-450 mm .  The 

process was repeated twice in each plot .  Soi l  dry bulk density was measured 

us ing the method expla ined in section 3 .2 .4 . 2 .  

4. 2.4 Soil  moistu re co ntent meas u rement 

Soi l  vo lumetric water content (m3 H20 m-3 soi l )  was measured uSing the 

techn iq ue exp la ined i n  section 3 .2 .5 .  A s ing le set of probes ( 1 50, 300, and 450 

mm long) was vertical ly i nserted permanently in the centre of each p lot (250 

mm from tree) and measurements were made month ly . However, soi l  moisture 

was measured twice in February and March 2005 . No measurements were 

made i n  Ju ly and August 2005 due to soi l  saturation and no differences were 

expected between treatments d uring winter. The November 2005 data are 

m issing due to suspension of study for one month . 

4.2 .5  Past u re d ry matte r sam p l i n g  

Pasture samples were obtained for monthly NHA from November 2004 to 

October 2005 using the techn iq ue described i n  section 3 .2 .6 .  Two g razing 

exclus ion pasture cages ( 1 . 1 4 x 0 .64 m) were placed randomly i n  the upper and 

lower ha lf of each plot. The sample s ize consisted of two 0 . 1 m2 quadrats from 

each location .  Cumu lative pasture g rowth (ung razed and u nmown) was a lso 

measured from the end of November 2004 to Ju ly 2005. Sample s ize and 

locat ion were the same as for the NHA measurements. Cumu lative herbage 

was on ly mon itored in the wi l low pasture treatment. 
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4.2.6 Past u re s pecies com pos ition 

Pasture species composition was determined twice d uring the study period . 

Composition was determined in  late March between cumu lative herbage 

(ungrazed and unmown) in WP and OP (grazed and mown) and aga in  in spring 

to compare mown and grazed composit ion between WP and OP. The 

composition was determined us ing s im i lar  methodology as described in  section 

3 .2 .7 .  

4.2.7 Leaf a rea m eas u rement 

Eight wi l low trees were selected (two from each p lot) to measure the change in 

leaf a rea from December 2004 to Apri l 2005 and from December 2005 to Apri l  

2006 . The selected trees were of d ifferent s izes to represent the overa l l  s ize 

d ifference in the wil low browse b lock. A cage was p laced around each monitor 

tree to p rotect it from accidenta l grazing .  Leaf area measu rements were made 

month ly by leaf counts and leaf sample col lection .  Samples of d ifferent s ized 

leaves were col lected randomly from each tree at the time of leaf count. 

Samples were transported in  a ch i l ly b in to avoid d ry ing of leaves on the way to 

Massey Un iversity, Palmerston North .  

The leaf area of samp led leaves was measu red us ing a Li-3 1 00 area meter 

( Licor-ine ,  L incoln ,  NE)  at P lant Growth Un it, Massey University. The tota l leaf 

area of each tree was determined by mu lt ip ly ing the mean leaf area of samp led 

leaves by the total number of leaves for that part icu lar tree . 

4.2.8 L i g ht and tree canopy m eas u rement 

Photosynthetical ly active rad iation ( PAR) under trees in  WP was measu red in  

February and March 2006, us ing a l ight meter (L I  - 250 ,  L I - COR, Inc .  L inco ln ,  

Nebraska USA) . PAR was measured under fou r  nuc le i  trees from four  sides 

(NSEW) of each tree at close to tree stem, between stem and canopy edge and 

c lose to the canopy edge .  Tree he ight and canopy ci rcumference (at the 

max imum spread) were also measured once in February for the same four  

nucle i  trees i n  each plot . 

1 1 2 



Chapter 4 

4.2 .9  Statistica l ana lyses 

Data were analysed by Analysis of Variance (ANOVA) ,  with general L inear 

Model (GLM) procedu re of the Statistical Ana lys is System (SAS, 200 1 ) ,  a nd 

mean separation was conducted using the Least S ign ificance Difference (LSD) 

test at the 5 % leve l .  Repeated Measures Analysis of Variance was conducted 

on NHA and soil moisture content to determine the effect of treatments on 

pastu re production and soi l  moisture content over t ime. S imple l i near regression 

ana lyses were conducted to determine the relationship between N HA with so i l  

moisture content and leaf area. 
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4.3 Results 

4.3 .1  Olsen P 

Soil Olsen P was not s ign ificantly d ifferent (P > 0 .05) between treatments at 

either the 0-75 mm or 75-1 50 mm depth intervals (Table 4 . 1 ) . With in the same 

treatment , the val ues decreased s ignificantly (P < 0. 05) i n  the 75- 1 50 mm depth 

compared with 0-75 mm .  Soil pH was a lso s imi lar between treatments (P > 

0 . 05) and there was no variation i n  pH level between soi l depths .  

Table 4 . 1  So i l  Olsen P ( lJg g-1 ) and p H  i n  wi l low 
pasture (OP) treatments at R iverside 
Wairarapa. 

pasture (WP) and open 
Farm near Masterton,  

Treatment P at d ifferent depths (mm) 
0-75 75- 1 50 

pH at d ifferent depths (mm) 
0-75 75- 1 50 

4.3.2 

WP 
OP 

SEM 

WP 
OP 

Sig . 

20 .7 
24 .6 

2 . 08 
0 . 92 

0.0936 

S o i l  Bulk  dens ity 

1 1 .2 
1 0 .2 

1 .27 
0 . 53 

0 .5001 

5 .3  
5 . 5  

0 .03 
0 .02 

0 . 0796 

5 .4 
5 .5  

0 .01  
0 .04 

0 .0796 

Soil d ry bu lk  density was s im i lar between treatments (P > 0 .05) in the top 0- 1 50 

mm  soil depth (Table 4 .2 ) .  However, bu lk  density i ncreased i n  deeper soi l 

depths ( 1 50-300 mm and 300-450 mm) and was s ign ificantly d ifferent (P < 

0 . 05) between WP and OP. Marked increases in soi l  bu lk density occurred from 

the 0- 1 50 mm to 1 50-300 mm depths. For example ,  bu lk  density increased by 

32 % and 25 .5  % in the 1 50-300 mm soi l  depth compared with the 0-1 50 mm 

depth i n  WP and OP, respectively. The bu l k  dens ity further i ncreased in the 

300-450 mm depth in WP and OP (37 % vs 35 %, respectively), compared with 

0-1 50 mm depth . However, the i ncrease between the 1 50-300 mm and 300-450 

mm depths was 7 % and 1 3  % i n  WP and OP, respectively (Table 4 .2 ) .  
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Tab le 4 .2  Soil bu lk density (g cm-3) i n  wi l low pasture (WP) and open pasture 
(OP) treatments at R iverside Farm near Masterton, Wairarapa . 

Treatment 

4 . 3 . 3  

WP 
OP 

SEM 

WP 
OP 

S ig .  

Ra i nfal l  

0- 1 50 

0 .70 
0 .64 

0 . 02 
0 . 02 

0 .065 1 

Depth interval (mm) 
1 50-300 

1 .03 
0 .87 

0 .02 
0 .007 

0 . 0007 

300-450 

1 . 1 1 
0 .99 

0 . 006 
0 .0 1  

0 . 0004 

The month wise tota l ra infa l l  is g iven in F igure 4 . 1 .  The tota l rainfa l l  i n  2005 was 

757 m m  with h ighest ra infa l l  in March ,  2005 ( 1 87 mm) and lowest in February 

2005 ( 1 3  mm) . Overa l l  the summer of 2004-05 was wetter with 1 76 mm ra i nfa l l  

than the summer of 2005-06 with 1 37 mm. However, winter and spr ing , 2005 

had s im i la r  ra i nfa l l .  
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Figure 4 . 1  Month ly ra infa l l  (mm) for Massey's Riverside Farm, near M asterton ,  
Wai rarapa. Data were obta i ned from Wairarapa Col lege A i r  Qual ity S ite 
(Coord NZMG 1 949 E2732767 N6024886) . 

Source : M ike Gordon, Hydro logist System Support Officer .  ( Personal 
commun ication) .  M ike.gordon .@gw.govt .nz 
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4. 3.4 Pastu re s pec ies com pos ition 

In early autumn ,  the major species present in the sward were ryeg rass ( Lolium 

perene L) , yorksh ire fog (Holcus lanatus L) browntop ( Agrostis capillaries L) 

and wh ite clover (Trifolium repens) . Ryegrass and browntop were s ign ificantly 

h igher (P < 0. 05) in OP compared with WP. Clover was sign ificantly h igher i n  

WP than OP .  However, Lotus (Lotus comiculatus L) was on ly present i n  OP 

(Table 4 .3) .  Butterup (Ranunculus spp) was the dominant weed present i n  the 

sward and constituted about 14 % i n  WP whi le its presence i n  OP was less than 

5 %. The other major d ifference was i n  dead materia l .  WP had 1 2  % dead 

materia l  while in OP it was less than 5 % .  

The spring composit ion was less descriptive a s  a l l  the components of sward 

were not sorted out. However, ryegrass was sign ificantly h igher in OP than WP . 

S im i larly weeds were a lso i n  abundance i n  WP compared with OP (Table 4 .4 ) .  

However, there were no d ifferences i n  dead materia l . 

Table 4 .3  Pasture species compos ition (%) in  early autumn 2005 in wi l low 
pasture (WP) and open pasture (OP) treatments at Riverside Farm , 
near Masterton ,  Wai rara�a . 

Treatment Ryegrass Browntop Clover Fog Lotus Weed Others Dead 

WP 5.2  1 6 .8 5 .3  24 .7  0 .0  1 3 .8  23 .3  1 2 . 2  
O P  2 3 . 0  24 . 5  1 .6 1 9.4  5 .4  4 .6  1 5. 5  5 . 8  

SEM 

WP 0.4 3 .8 0 .6 2 .4 0 1 . 2 1 . 7 1 .2 
O P  2 . 5  4 . 9  0 .3  1 . 7 1 . 8 1 . 1  2 . 3  1 .2 

Sig. 0. 0070 0 .0409 0 .0250 0 . 1 493 0. 0574 <0 000 1 0 . 0524 0 .0237 
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Table 4 .4 Pasture species composit ion (%) i n  spring 2005 in wi l low pasture 
(WP) and open pasture (OP) treatments at R iverside Farm near 
Masterton ,  Wairara�a . 

Treatment Ryegrass C lover Weed Others Dead 

WP 6 . 5  5 .2 6 .3 79 .2 2 . 9  
OP  24 .8 1 . 3 1 . 1  70 . 8  1 . 8 

SEM 

WP 0 .4  0 .3  0 .6  2 . 1  0 . 5  
OP  2 . 7  0 .5  0 . 1 2 . 8  0 . 8  

Sig . 0 . 0268 0 .0453 0 . 0 1 29 0.2264 0 .7789 

4.3.5 Pasture p ro d u ction 

4.3.5 . 1  Net herbage acc u m u l ation rate 

Overa l l ,  the pasture p roduction i n  WP was 52 % (5 .6  t O M  ha-1 y(1 ) of the OP  

( 1 0 . 7  t O M  ha-1 y(1 ) .  The mean net herbage accumu lation rate was s ign ifi cantly 

h igher i n  OP (P < 0.05) compared with WP (29 ± 3 kg OM ha-1 day-1 vs 1 6  ± 1 . 5 

kg O M  ha-1 day- 1 , respectively) . The maximum mean dai ly N HA rate occurred i n  

November in both treatments ( F igure 4 .2) and was sign ificantly h igher (P  < 

0 . 05) in OP compared with WP (68 ± 3. 1 kg O M  ha-1 day-1 vs 35 .4 ± 3 .3  kg O M  
ha-1 day-1 , respectively) . However, the m in imum N HA rate occurred i n  J u ly and 

was s im i lar  (P > 0 . 05) between OP and WP (4 ± 1 . 7 kg OM ha-1 day-1 vs 2 ± 2 .7  

kg  OM ha-1 day-1 , respectively) . The N HA rate va lues were negative for some 

i nd iv idua l  samples in J u ly but overal l  mean va lues were posit ive for both 

treatments . Apri l ,  May and June were the only other months with s im i lar  N HA 

rate (P > 0 . 05) between treatments du ring the tr ial period . 

Table 4 . 5  summarises the seasonal herbage accumu lation rate (kg OM ha-1 

day-\ The seasonal pooled data ana lyses revealed that maximum herbage 

accumulat ion in OP and WP was in the spr ing (45 % vs 44 %, respectively) 

fo l lowed by the summer (34 % vs 30 %, respectively) . Pasture p roduction 
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rap id ly decl i ned in autumn i n  both OP and WP and net production was 1 2  % 

and 1 6  % of the tota l production ,  respectively. However, the decrease i n  

herbage rate in autumn was s ign ificantly h igher i n  OP (66 %) than WP (48 %) 

compared with summer. The lesser dec l ine in herbage accumu lation rate i n  WP 

was probably because of the positive effect of shade. The winter production 

was small (below 1 0  %) in both OP and WP . Nevertheless, the herbage 

accumu lat ion rate remained s ign ificantly h igher i n  OP in spring ,  summer and 

autumn but winter production was s imi lar  between treatments (Table 4 .5 ) .  
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Figure 4.2 Net herbage accumulation (NHA) rate from November 2004 to October 
2005 in  wi l low pasture (WP) and open pasture (OP) treatments at 
Riverside Farm,  near Masterton, Wai rarapa. Line bars show the SEM for 
each treatment. * denotes a s ignificant d ifference between treatments at P 
< 0 . 05. 

Table 4 . 5  Seasonal NHA rate (kg OM ha-1 day-1 ) for 2004-05 in wi l low pasture 
(WP) and open pastu re (OP) treatments at R iverside Farm near 
Masterton ,  Waira rapa. 

Treatment Spr ing Summer Autumn Winter 

OP 
WP 

SEM 

OP 
WP 

Sig .  

54 
28 

3 .56 
2 .43 

<0 .0001 

4 1  
1 9  

3 . 5 1  
2 . 1 4  

<0 .000 1 

1 4  
1 0  

1 . 99 
1 . 2 1  

0 .0428 

9 
6 

2 .24 
1 .4 1  

0 . 0524 
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4.3.5 .2  C u m u l ative herbage y ield 

Month wise cumu lative herbage rate for WP is g iven in Figure 4 . 3 .  At the start of 

the measu rement of cumu lative herbage rate , there was a mean total exist ing 

pasture cover of 2 . 56 ± 0 . 1 0  t OM ha-1 at the end of November 2004. The rate 

of cumu lative herbage yield increased in spr ing and summer and reached to 

c l imax i n  February, 2005 (4 . 64 ± 0 .25 t OM ha-1 month-\ However, the 

maximum gain in an ind iv idual month occurred in  December with an increase of 

0 . 98 t OM ha-1 month-1 . The m in imum increase in  herbage yield occurred in  

February with a ga in  of  0 .47 t OM ha-1 month-1 . 

During autumn and winter, the rate of cumulative herbage yield decreased with 

max imum fal l  observed in Ju ly ( 1 .43 t OM ha-1 month-1 ) compared with a tota l 

mean herbage value of 3 .24 ± 0 .28 t OM ha-1 month- 1 in the preceding month of 

June .  The 2nd major fa l l  i n  pasture accumulation was observed i n  June (0 .68 t 

OM ha-1 month- 1 ) compared with the tota l mean herbage cover of 3 . 92 ± 0 . 1 9  t 

OM ha-1 month-1 in May. 
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Figure 4 .3  Cumu lative herbage accumulation rate (kg D M  ha-1 month-1 ) from 
November 2004 to Ju ly  2005 in wi l low pasture (WP) treatment at Riverside 
Farm near Masterton ,  Wai rarapa . Line bars show the SEM.  
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4 .3 .6  Wil low leaf a rea development. 

Mean leaf a rea for coppice wi l low was smal l (0 .05 ± 0 . 005 m2 tree-1 ) i n  late 

December, 2004 due to sheep browsing i n  late November compared with late 

December, 2005 ( 1 . 1 7  ± 0 .22 m2 tree-1 ) when wi l low were not b rowsed in early 

summer. Leaf area increased du ring summer months and reached a maximum 

i n  late February in both the 1 st and 2nd year (0 .9 1  ± 0 . 1 1  m2 tree-1 vs 2 . 03 ± 0 . 33 

m2 tree-1 , respectively ) .  Due to leaf fa l l ,  the leaf area decreased from February 

onward and the late Apri l measurement proved to be the last as there was not a 

measu rable number of leaves by the end of May. However, leaf area was 

s ign ificantly h igher throughout the 2nd year compared with 1 st year (F igu re 4 .4 ) .  

Wi l low leaf area may have been affected by wi l low ga l l  sawfly causing red 

l umps start ing from early summer (P late 4 . 1 )  but Orthene chemica l  contain ing 

1 95 g L-1 acephate was used to k i l l  the sawfly that eats the leaves. 

Plate 4 .  1 Wi l low gal l  sawfly attack on Kinuyanagi wi l low (S. viminalis) leaves in  wi l low 
pasture (WP) treatment at Riverside Farm near M asterton ,  Wai rarapa . 

Consider ing the mean canopy a rea of 0 .28 m2 tree-1 (sect ion 4 . 3 . 5) measured in  

February 2006 , when the leaf a rea was at  its peak, the max imum LAI va lue 

would be 7 .25 wh i le assuming the same canopy area in  February 2005, the 

max imum LAI wou ld be 3 .25 .  
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Figure 4 .4 Leaf area d ifference ( m2 tree-1 ) between browsed ( 1  st year) and unbrowsed 
(2nd year) wi l low coppice trees i n  wi l low pasture (WP) treatment at 
Riverside Farm near Masterton , Wai rarapa. L ine bars show the SEM for 
each date . * denotes P < 0.05 significance. 

The data for leaf area of i nd ividua l  trees were weakly related to N HA rate (y = -
0 . 958x + 0 . 9622 R2 = 0 .41 09) . However, there was a strong l i near relationship 

between overa l l  mean month ly values for wi l low leaf area from December to 

February and understorey NHA rate (F igure 4 . 5) .  Wi l low leaf a rea was not 

related to the changes in soi l moisture at 0- 1 50 mm ,  0-300 mm or 0-450 mm 

depth (y = -0 .7605x + 0 .766 R2 = 0 . 1 9 , Y = -0 . 8293x + 0.7723 R2 = 0 . 1 2 , Y = -
1 . 1 667x + 0 . 8903 R2 = 0 . 1 4 , respectively) .  
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Figure 4 .5  L inear relationship between wil low leaf area (m2 tree,1 ) and understorey net 
herbage accumulation rate (kg OM ha-1 day"1 ) in wi l low pasture (WP) 
treatment from December to February at Riverside Farm near Masterton ,  
Wairarapa. 
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4.3.7 L i ght and tree canopy 

Mean photosynthetical ly active rad iat ion ( PAR) u nder the wi l low tree canopy 

with position relative to the main stem towards the edge of the canopy. The 

PAR level close to the main stem was 1 2 . 3  % (93 . 36 ± 4 . 57 �mo les photons m-2 

S-1 ) of that of OP and i ncreased to 2 1 . S  % (39S.57 ± 23 .07 �moles photons m-2 

S-1 ) when measured between the tree stem and canopy edge. The PAR level 

further improved towards the edge of canopy and was 4 1 .6 % (760 .97 ± 31 .29 

�moles photons m-2 S-1 ) of  that of  OP when measu red close to the edge of the 

canopy. 

Mean height of the wi l low was 2 . 1 m ± 0 . 05 a nd the canopy circumference was 

1 . S9 m ± 0 . 07 ,  g iv i ng a canopy closure ratio of 1 9 . 5  % between four nuclei 

trees . 

4.3 .8 Soi l  moistu re content 

4.3.8.1  0-1 50 m m  depth 

Overa l l  there were no sign ificant (P > 0 .05) d ifferences in soi l  moisture content 

between treatments over the period of the tria l  at the 0- 1 50 mm depth (Table 

4 .6 ) .  However, so i l  moistu re changed s ign ificantly with t ime in both treatments 

d u ring the study period . During the first year of the experiment, soi l  moisture 

general ly remained h igh i n  WP compared with OP but s ign ificant d ifferences 

were restricted to a few times in summer and autumn months .  For example ,  soi l  

moisture was s ign ificantly h ig her (P < 0 . 05) in WP on 7th December 2004 

compared with OP (45 . 5 ± 2 .4 % vs 33 .5 ± 2 . 7  %, respectively) . Du ring the 

fol lowing summer months, so i l  moisture decl i ned below 1 5  % in both treatments 

and was sign ificantly h igher i n  WP on Sth February and 25th March 2005 (2 1 . 5 ± 
0 . 5  % vs 1 S .9  ± 0 .6  % and 22 .9  ± 0 . 1  % vs 20 .3  ± 1 .0 %) ,  but was s im i la r  to OP 

on 25th February and ih March 2005 ( 1 3 . 3  ± 1 . 5 % vs 1 3 .3  ± O .S% and 1 0 .7 ± 
1 . 0 % vs 1 3 . 5  ± 0 .7  %) ,  respectively. Conversely, soi l moisture was sign ificantly 

h igher in OP (P < 0 .05) on 1 6th September (46. 6  ± 1 . 9 % vs 34 . 5  ± 2 . S  %) and 

1 3th December 2005 (3S.6 ± 4 . 1 % > 25.2 ± 1 . 3 %) but was not consistent 

du ring the fol lowing summer and autumn months and remained sim i la r  between 

treatments from January to Apri l  2006 (F igure 4 .6) . 
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Figure 4.6 Volumetric soi l moisture content (%) at 0- 1 50 mm depth at Massey's 
Riverside Farm near Masterton ,  Wairarapa . Line bars show the SEM for 
each date. * denotes s ign ificance at P < 0.05 .  

Table 4 .6  Least square means comparison for volumetric so i l  moisture content 
(%) between wi l low pastu re (WP) and open pasture (OP) treatments 
at R iverside Farm near Masterton ,  Wairara�a . 

Treatment Soi l moisture content (%) at d ifferent depths (mm) 

0- 1 50 0-300 1 50-300 0-450 350-450 

WP 36. 9  35 . 9  34 . 9  35.4 34 . 3  
OP 35 .9  35 .2 34 .4 36 . 1  37 . 6  

S E  

WP 0.6 1  0 .48 0 .58 0 .44 0 .9 1  
OP 0 .6 1 0 .48 0 .58 0 .44 0 .91  

Sig . 0 .2997 0 .3204 0 . 561 1 0 .2702 0 .0456 

4.3.8.2 0-300 m m  depth 

Sign ificant d ifferences at 0-300 soi l depth were restricted to a few t imes dur ing 

the study period (F igure 4 .7) . For example ,  soi l  moisture was s ign ificantly h igher 

in WP on ih December 2004 compared with OP (38 .3 0 .8 ± % vs 35 .4 ± 0.7 %) ,  

respectively . The d ifferences were aga in noticed i n  February 2005 when so i l  

moisture was s ign ificantly h ig her in WP compared with OP on 8th and 25th of 
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February (26.4 ± 0 .7  % vs 2 1 .7 ± 0 .5  and 1 9 .9 ± 0 .9  % vs 1 7  ± 0 . 5  %) ,  

respectively. Such d ifferences were not consistent du ring the rest of the study 

period except on 1 6th September 2005 when soil moisture was sign ificantly 

h igher  in OP compared with WP (42 .4  ± 1 .6 % vs 35 .9 ± 0 .7  %) .  
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Figure 4 .7  Volumetric soi l moisture content (%) at 0-300 mm depth in wi l low pasture 
(WP) and open pastu re (OP) treatments at Rivers ide Farm near Masterton ,  
Wairarapa . L ine bars show the SEM for each date. * denotes s ign ificance 
at P < 0.05. 

Soi l volumetric moisture content (v/v %) in  the 1 50-300 mm depth remai ned 

s im i lar  between treatments throughout the study period (Appendix 4 . 1 ) . The 

repeated measures ana lysis showed s imi lar  soi l moisture content between 

treatments over the period of tr ial (Table 4 .6) . 

4.3.8.4 0-450 mm depth 

Soil mo isture content of the 0-450 mm depth remained s imi lar  between 

treatments throughout the study period except on 1 6th September and 1 3th 

December 2005 (F igure 4 . 8) when soil moisture content was s ign ificantly h igher  

in  OP compared with WP (4 1 .3 ± 1 . 3 % vs 36.4 ± 0 .6  % and 34 . 5  ± 2 .0  % vs 

26.4 ± 0.8 %, respectively). Repeated measures ana lysis revea led that so i l  

moisture content for the 0-450 mm depth was not s ign ificantly d ifferent between 

treatments (Table 4 .6) . 
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Figure 4.8 Volumetric soi l moisture content (%) at 0-450 mm depth in wil low pasture 
(WP) and open pasture (OP) treatments at Riverside Farm near Masterton ,  
Wai rarapa. Line bars show the S E M  for each date . * denotes sign ificance 
at P < 0.05.  

Appendix 4.2 i l lustrates the changes in soi l  moisture content at 300-450 mm 

depth in WP and OP for the study period . The t ime series analysis ( repeated 

measures) showed that soi l  moisture was sign ificantly h igher in OP than WP at 

300-450 mm soi l  stratum (Table 4 .6) .  The sign ificant d ifferences in soi l  moisture 

were noted on 1 3th December 2005 for the first t ime when soi l moisture was 

h ig her  in OP than WP (35 ± 1 .0 % vs 25 .9  ± 1 . 5 % ,  respectively) .  Such 

d ifferences were not noted again du ring the summer months and were only 

recorded on 2ih Apri l  2006 when soi l moisture was again h igher in OP 

compared with WP (46 .2 ± 0.7 % vs 38 .6 ± 1 . 6 %,  respectively) . 

4.3.8.6 S o i l  moistu re relation with net herbage accumu lation 

There was no l inear relationsh ip between mean month ly herbage accumu lation 

rate (kg DM ha-1 month-1 ) and mean monthly soi l  volumetric water content (%) 

at 0- 1 50 mm depth and the reg ression ana lysis was not s ign ificant for either WP 

(R2 = 0 . 02 ,  P = 0 .427) or OP (R2 = 0 .04, P = 0 . 295)  for al l the months. 

However, the relationship for November 2004 to March 2005 data showed 

stronger relationsh ip for OP than WP (F igu re 4 .9 ) .  The reg ress ion analyses 

determi ned that change in soi l moisture du ring these months affected NHA rate 

s ign ificantly i n  both WP (P = 0 . 007) and OP (P = <0 .000 1 ) . 
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4.4 Discussion 

4.4.1  A n n ua l  and seasonal n et h e rbage acc u m u lat ion 

I n  the present study, pasture i n  the wi l low browse block g rew much less than in  

the open-pasture area. The total NHA i n  OP was 1 0 . 7  t OM ha-1 y(1 compared 

with 5 .6 t OM ha-1 y(1 i n  WP i . e . pasture p roduction i n  WP was 52 % of �P.  

Shad ing by wi l low trees i n  summer and autumn was the most prominent g rowth 

l im it ing factor i n  tree pasture a rea . However, lower pasture g rowth i n  WP in 

spring (when trees d id not have many leaves to impose shade) ind icated that 

pastu re species composit ion was a lso respons ib le for d ifferent ia l g rowth 

between treatments . Soi l water genera l ly was not l im it ing , but d ur ing February 

and March 2005, water avai lab i l ity in the top soi l  was very low and affected the 

pasture g rowth equa l ly in both treatments. Winter and spring soi l water 

measurements i l l ustrate the swampy characteristic of the s ite . The add it ion of 

ur ine and dung from grazing sheep i n  OP area m ight also have had some 

posit ive i nfluence on pastu re g rowth in th is treatment. 

The tota l pasture production of 1 0 .7  t OM ha-1 y(1 for an open pasture area at 

R iverside Farm , was s imi lar  to the annua l  OM production of 9 .99 t OM ha-1 y(1 

reported by Ram irez-Restrepo et a l . ,  (2006) for 200 1 -02 from the same farm . 

However, smal ler va l ues were reported from the same experiment for 2000-0 1  

a nd  2002-03 (7 . 03 t OM ha-1 y(1and 7 .06 t OM ha-1 y(1 , respectively) . S im i la rly, 

Radcl iffe ( 1 975) reported mean OM production of 8.9 to 14 . 9  t OM ha-1 y(1 over 

the period of five years for ryegrass, browntop and wh ite clover pasture near 

Masterton (Wai ra rapa ) .  The d ifferences i n  pasture product ion between the 

current study and the other measu rements are probab ly because of seasonal 

vari at ions in rainfal l  and temperature between the years and/or s ites . 

The marked seasonal variat ions in pasture p roduction observed i n  the current 

study with maximum production i n  spr ing (45 .5  % vs 44 .2 %) fol lowed by 

summer (34 .5  % vs 30.2 %) in OP and WP treatments were s im i lar to those 

reported by Radcl iffe ( 1 975) and Ram i rez-Restrepo et aI . ,  (2006) both for spri ng 

and summer. Very s imi lar seasonal d istribution of pasture production has also 
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been reported elsewhere in New Zea land (Baars , 1 975;  Morton & Paterson , 

1 982) . 

Seasonal variations i n  pasture production were probably a funct ion of changes 

i n ;  extent of shad ing ,  soi l moisture content and temperature . For example, 

Radcl iffe ( 1 975) stated that spring g rowth at Masterton was associated with 

s lowly ris ing temperatures in September-October fol lowing mean da i ly soi l  

temperatu res around 5 QC (at 5 cm depth) and higher ra i nfa l l  in October. The 

very smal l  net herbage accumu lation (and even negative va lues for some 

ind iv idua l  samples) d uring winter i n  the current study was probably due to very 

low soi l temperature and h igh  soi l  moisture i n  both treatments . The optimum 

temperatu re range for pasture g rowth is between 1 8  and 25 °C ,  but  perenn ia l  

ryegrass g rowth ceases below 6 QC (Kune l ius & C lark, 1 970; M itche l l ,  1 956) .  

4.4.2 C u m u lative herbage y ie ld  

The max imum increase i n  cumu lative herbage rate d ur ing spr ing and early 

summer 4 .64 t OM ha-1 month-1 was less than 6 . 0  t OM ha-1 month- 1 measured 

for the Rivers ide Farm (Ramirez-Restrepo et a l . ,  2006). However, the 

environmental conditions were not the same du ring both stud ies . Secondly ,  

Ramirez-Restrepo et a I . ,  (2006) made measurements in open pasture whi le i n  

the current study cumu lative g rowth was monitored i n  a wi l low browse block. 

The decrease i n  cumu lated herbage rate during late summer and autumn 

i nd icated that senescence su rpassed the accumu lation rate , thereby suggest ing 

that pasture qua l ity at th is stage was not at its best. P itta et a l . , (2006) reported 

from the same farm that the herbage in the wi l low fodder blocks was of lower 

q ual ity in ME than long d rought pastu re in the open pasture .  This was a lso 

reflected in the early autumn  pasture species composit ion as WP had 

s ign ificantly more dead material than OP (Table 4 .3 ) .  At a tria l  on fa l low pasture 

at Ba l lantrae, near Woodvi l le ,  Mackay et a l . ,  ( 1 99 1 ) measured a net loss of 40 

kg OM ha-1 day-1 by late Apri l/May, as both g rass and legume decomposed . 

Nearly 50 % decl ine in t i l ler densities was also reported by the end of fal low. 

Pastoral fa l low can also affect the root ing system of pasture and soil 

perm iab i l ity. For example ,  N ie et a l . ,  ( 1 997b) reported an alterat ion in root 

g rowth and d istrib ution with s ign ificantly less (P  < 0 . 0 1 ) root biomass at 0- 1 50 
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mm soi l  depth in the fal lowed sward compared with open g razed pasture .  A 

pastora l fa l low, which i nvolves no defo l iation of pasture for a period genera l ly 

from spring to autumn ,  has been suggested as a management tool to reduce 

p lant popu lation density of h i l l  pasture i n  preparation for oversowing pasture 

with improved germp lasm (N ie et a l . ,  1 997a) . 

4.4. 3 So i l  m oistu re re latio n  with pasture p rod u ction 

The mean monthly values of soi l moisture for the total period of pasture 

measurement were not helpfu l to expla i n  the seasonal variation i n  the OM 
production ,  partly because of the variation in temperature over the seasons ,  a 

factor that a lso plays vital role i n  determ in ing the rate of pasture product ion in 

conj unct ion with soi l  moisture. At the same so i l  moistu re level ,  pasture 

production could be s ign ificantly d ifferent du ring wi nter compared with any other 

season .  For example, i n  January 2005, WP and OP had an N HA rate of 1 6 . 9  ± 
1 . 9 kg O M  ha-1 day-1 and 42 .4 ± 2 .6  kg OM ha-1 day- 1 at the soi l  moistu re level of 

63 .2 ± 2 . 2  % and 58 .3  ± 1 . 9 % (0- 1 50 mm depth ) but the N HA rate reduced to 

only 5 . 1  ± 1 . 9 kg OM ha-1 day-1 and 4 .5  ± 1 . 0 kg OM ha-1 day- 1 i n  June 2005 at 

roughly the same moisture level (65 . 1  ± 1 .7 % vs 6 1  ± 1 . 3 %) in WP and OP ,  

respectively. S imi larly, a t  re latively low level of soi l  moisture (57 .4 ± 3 .8  % vs 

5 1 .7 ± 2 . 2  %) ,  N HA rate was even h igher (37 . 8  ± 3 . 3  kg OM ha-1 day-1 vs 68. 1 ± 
3 . 1 kg O M  ha-1 day-1 ) i n  November 2004 than January 2005 i n  WP and OP ,  

respectively. This exp la ins that even a t  quite h i gh  levels of soi l  moisture, N HA 

rate can be l im ited by low temperature, as i n  June ,  but at appropriate 

temperatures in November 2004 , NHA rate can be even h ig her ( nearly doub le) 

than for the h igh level of temperature in January, 2006. 

Soi l  moisture mainly rema ined h ig her in WP than OP duri ng  the pasture 

measurement period . This was despite a continuous i ncrease in  wi l low leaf area 

du ring summer (F igure 4 .4 ) .  This ind icated that WP s ite was wetter overa l l  than 

OP.  Duri ng  winter and early spring ,  WP site was p resenting a waterlogged 

situation .  That is why moisture measurements were not made in Ju ly and 

August 2005. Also ,  due to uneven surface of i nd iv idua l  WP p lots , some surface 

water pond ing was observed i n  some parts of these p lots du ring the study 

period , especia l ly after ra infa l l .  Probably this was fu rther enhanced d ue to 
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contin uous pasture accumulat ion i n  the WP as whole p lots were not mowed and 

soi l  moisture was being conserved due to obstruct ion i n  the water movement by 

cumu lative pasture g rowth and add ition of l itter on the soil surface . This was 

later reflected in the month of January and February 2006, when despite s im i lar  

so i l  moisture in the OP and WP , runoff was on ly observed i n  OP plots (chapter 

5 ) .  

Excessive soi l  moistu re could be  detrimental for p lant g rowth . Fo r  example , 

Eccles et a l . , ( 1 990) reported that du ring waterlogg ing ,  the rate of leaf extension 

(mm t i l le(1 day-1 ) of Matua pra i rie g rass decreased , senescence rate (mm t i l le(1 

day- 1 ) increased , and percentage of tota l dead weight i ncreased . It was further 

reported that the root : shoot ratio of ryeg rass decreased as a result of 

waterlogg ing .  Simi larly, Mwebaze ( 1 986) reported that h igh  soi l moistu re levels 

reduced soi l  oxygen levels and root and t i l ler production .  

There was a good relationsh ip between so i l  moisture content at  0- 1 50 mm 

depth and leaf area (F igu re 4 .4 )  from December to Februa ry for 2004-2005 and 

2005-2006. I n  the fi rst year , so i l  moisture, especia l ly i n  0- 1 50 mm depth , was 

genera l ly h igher in the wi l low b lock and this trend even persisted in late spr ing 

and summer months .  However, in the second year th is trend was somewhat 

reversed with lower or s imi lar  soi l  moisture in WP compared with OP ( Figure 

4 .6 ) .  The ab i l ity of wi l low to affect so i l  moistu re may have been affected by 

sheep b rowsing in the first year .  But, on the other hand , b rowsing may have 

benefited the understorey pasture g rowth by reduc ing the shade effect. 

Therefore ,  the impact and imp l ications of browsing should be taken i nto 

consideration whi le manag ing these wi l l ow browse b locks . 

4.4.4 L i g ht ( PAR),  canopy and past u re p rod u ction 

The u nderstorey pasture is d i rectly affected by the amount and qual ity of l ight 

fi ltrated throug h  the tree canopy (Wi lson & Lud low, 1 99 1 ) .  As sun l ight passes 

through the tree canopy, its qual i ty is altered because the leaves preferential ly 

absorb the l ight i n  the 400-700 mm waveband .  Blue and red l ight are reduced 

compared with g reen and far-red (Ho lmes , 1 98 1 ) .  The ratio of red to far-red fa l ls 

due to their d ifferentia l  absorption . These spectra l changes may induce 

1 30 



Chapter 4 

morphogenetic changes In plants (Smith , 1 982) resu lt ing i n  stem elongation 

(Ch i ld  et a l . ,  1 98 1 )  and t i l ler ing and b ranch ing inh ibit ion (Casa l ,  1 988; 

Thompson & Harper, 1 988 ) . Work with Pinus radiata seed l ings under a 

contro l led environment (Wa rrington et a I . ,  1 988) ind icated that the effect on 

stem e longation cou ld be over and above that due to red uced l i ght a lone. 

However, th is effect could be more pronounced in shade- i ntolerant species 

than s hade-tolerant species (Sm ith , 1 982) . 

Reduced infrared rad iation i n  the tree pasture system has a g reat i nfluence on 

the soi l  moisture-temperature comp lex, whi le decreased photosynthet ica l ly 

active rad iation can modify the p lant commun ity a nd decrease g rowth 

(Guevara-Escobar, 1 999) .  I n  the cu rrent study, the shade level close to the 

ma in stem was very heavy ( 1 2 . 3  % PAR) compared with OP  and though it 

improved towards the canopy edge of the tree, sti l l  showed heavy shade 

between the canopy edge and tree stem (2 1 . 8 % PAR) . The shade level just 

underneath the canopy edge was of med ium level (4 1 .6  % PAR). Guevara

Escober ( 1 999) reported that da i ly average PAR d i rectly u nder a poplar canopy 

in the poplar-pasture area ranged from 1 0  % to 60 % of the incoming rad iation 

for open pasture. 

Tree age, stand density and type of tree species a lso i nfluence the understorey 

pasture production .  S i lva-Pando et a l . ,  (2002) in their study on understorey 

pasture p roduction i n  a s i lvopastoral system reported that the effect of shade 

under Pinus pinaster Ait was h igher than under Pinus sylvestris L.  

correspond ing to 36-57 % and 1 6-2 1  % of fu l l  sun l ight, respectively, despite 

trees being the same age. The authors obta ined a sign ificant correlat ion 

between annua l  pasture production and l ight transmission  th rough the tree 

canopy (R2 = 0 . 96 ,  P < 0 . 05) .  Peri et a l . ,  (2005) stud ied the effect of d ifferent 

l ight reg imes on understorey pasture i nvolving Pinus radiata trees and reported 

s ign ificant d ifferences in OM .  Foale et a l . ,  ( 1 994) ind icated that the shape of the 

tree crown and its ab i l ity to intercept l ight goes th rough a d isti nct series of 

changes with age of the tree. However, " l ight transmission of a canopy varies 

with the p roportion of d i rect to d iffuse l ig ht. Diffuse l i ght penetrates better than  

d i rect l ig ht because it emanates from the whole hemisphere of the sky rather 
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than from the point source of the sun .  Therefore , measurements taken on a 

clear day wi l l  underestimate transm ission of l i ght under the trees" (Wi lson & 

Lud low, 1 99 1 ) . 

I n  the current study, however, It can be expected that shade level was even 

lower in the centre of the four  nuclei trees. Accordi ng to Devkota (2000) , the 

pasture g rowth at med ium level shade shou ld have been about 70 % of that of 

OP or l ight shade but the pasture product ion in the present study was on ly 52 % 

i n  WP (5 .6  t OM ha-1 y(1 ) of that of OP ( 1 0 .7 t OM ha- 1 y(1 ) .  S ince pasture 

measurements were not made d irectly under the canopy, the pastu re 

production was expected to be even better away from the tree crown as a tree's 

i nfluence on u nderstorey pastu re decreases with g reater d istance from the base 

of its stem (Benge, 1 987; C lements et a I . ,  1 988 ;  G i lchrist et a I . , 1 993) .  However, 

this relationsh ip a lso depends on the size and proximity of the surround ing trees 

(S ibbald et a l . ,  1 99 1 ) . Due to close proxim ity ( 1 . 2  m x 1 . 2 m) and substant ia l 

height of surrounding trees (2 m) in the cu rrent study, the canopy gap between 

four n uclei trees was with i n  the reach of tree shade and th is was expected to 

i nfl uence pasture growth during summer and early autumn .  Nevertheless, in the 

cu rrent study, pastu re production in WP was low even during the months when 

there were no leaves on the trees (F igure 4 .2) a nd on ly leafless coppiced 

stumps were visible. This shows that there were other factors i nvolved in  WP 

that l im ited the pasture g rowth rather than the shade alone, such as the pastu re 

species composit ion. 

Tree canopy closure ratio ( 1 9 .5  %) between four nuclei trees was a lso not fu l ly  

helpfu l  to expla i n  the mean annua l  NHA rate i n  the WP treatment. Accord ing to 

Wal l  (2006) , pasture production in the centre of four  nuclei trees (Zone 3) 

should decrease by 6.6 % with every 1 0  % increase in canopy closure 

compared with open pasture. By th is estimation ,  the pastu re production i n  WP 

should have been reduced by about 1 2  % compared with OP .  However, pasture 

production can vary under d ifferent tree species for a g iven canopy closure 

ratio. For example ,  Guevara-Escober ( 1 999) reported 60 % pasture production 

in poplar pastu re than that of open pasture u nder 70 % measu red canopy 

closure ratio from Pohang ina val ley, New Zea land .  Canopy closure ,  expressed 

1 32 



Chapter 4 

as the ratio of projected tree canopy to ground a rea covered ,  has been used to 

estimate pasture production i n  Pinus radiata s i lvopastora l systems by Knowles , 

et a l . ( 1 997) .  Thei r  model predicted 0 % pasture product ion ( re lative to open 

pasture p roduction) at around 70 % of Pinus radiata canopy closure (R2 
= 0 . 89) .  

Canopy structure has a lso been related to u nderstorey p roduct ivity as a funct ion 

of stand age and tree density (S ibbald et aI . ,  1 994) .  Nevertheless, it is important 

to rea l i se that the overa l l  effect of a unit area of the agroforest on pasture 

accumu lat ion wou ld be the summation of the i nfluence patterns occurring under 

the shade of trees and the gaps outs ide these areas (Zinke, 1 962) .  

4.4.5 S h eep g razi ng a nd pasture g rowth 

I n  the current study, the OP plots were rotationa l ly grazed throughout the tr ia l 

per iod and th is perhaps a lso had a positive bearing on pasture g rowth , 

especia l ly i n  spring . Livestock g razing of pasture can have an important 

i nfluence on sward composition ,  sward q ua l ity and herbage production (da S i lva 

et a l . , 1 993 ;  Matthew, 1 992) .  Mathew et a l . ,  ( 1 988) observed change in pasture 

species composition as a resu lt of g razing from Hordeum jubatum dominance at 

high P th rough Lolium perenne dominance at intermed iate P to a Trifolium 

repenslAnthoxanthum odoratum mixture at low P .  The authors reported a 

change i n  seasonal production of pasture with h igh ferti l ity that was attributed to 

a change in species dominance with increased N i nput from d ung and ur ine .  

Dale ( 1 96 1 ) a lso reported positive effects of u rine on sward g rowth in annu lar  

g rowth zone with most usefu l responses occurring i n  spri ng  a nd autumn .  

S im i la rly, Thomas et a I . , ( 1 988) reported a 3-fold i ncrease i n  herbage mass due 

to u rine app l ication. Per i ,  et  a l . , (2002) a lso reported enhanced pasture 

product ion for u ri ne patches compared with contro l .  It was a lso reported that the 

du ration of the response to a urine patch in winter is m uch longer ( 1 33 days) 

than spring ( 1 05 days) and summer (77 days) .  Also, pasture p roduction can 

s ign ificantly i ncrease due to add it ion of n utrients from animal d ung (Wi l l iams & 

Haynes, 1 995) .  Zhang et a l . ,  (2001 ) reported a s ign ificant increase i n  herbage 

accumulat ion of establ ished pasture due to sheep u rine and dung effect . 

S im i la rly, X ia et a l . ,  ( 1 990) reported a h igh t i l ler appearance and enhanced net 

leaf production over the summer in ryegrass pasture due to late spr ing g razing .  
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Perenn ia l  ryegrass can exhibit sufficient phenotypic p lasticity to surv ive under 

i ntense g razing and can p roduce greater flowering compared to other species 

l i ke Kara and Apanu i  cocksfoot (Brock et a I . , 1 996) . Th is characteristic of 

pers istence under g razing and g reater floweri ng in ryeg rass can contribute to 

g reater  herbage mass in g rowing seasons such as spr ing and early summer. 

For example , Brock & F letcher ( 1 993) reported that du ring the reproductive 

period ( late spring/early summer) ryegrass plants were heavier with more 

leaves and i nternode stolon than at other times of the year. The evidence from 

reviewed l iterature ,  therefore ,  suggests that with s ign ificantly higher proportion 

of ryegrass (Tables 4 . 3 , 4 .4) , pasture g rowth may have benefited from sheep 

dung and uri ne patches in the OP compared with WP . 

4.4.6 S pecies com pos ition a n d  h erbage acc u m u lation 

In the cu rrent study, open pasture area had s ign ificantly h igher p roport ion of 

ryeg rass and browntop compared with wi l low b lock wh i le the reverse was true 

for wh ite clover (Table 4 .3 ,  4 .4) . The lower p roportion of ryeg rass under trees 

could be due to its inab i l ity to to lerate shade (Devkota et a l . ,  1 998) . Ong & 

Marsha l l  ( 1 979) also demonstrated that ryegrass d id not perform wel l  when 

g rown under severe shade due to reduced t i l ler ing ab i l ity . However, under 

moderate shade, ryeg rass has the abi l ity to produce superior shoot yield 

compared to some other species such as Oacty/is g/omerata (a shade tolerant 

species) (Devkota et a l . ,  1 997) . Nevertheless, some pasture species can have 

two d ifferent ecotypes with d ifferent responses to shade levels (Thompson ,  

1 993) .  Therefore ,  enhancement of ryeg rass in a si lvopastora l system such as 

wi l low browse b locks wi l l  depend on the grazing management. 

S ign ificant higher ryegrass quantity i n  OP could have a posit ive effect on sward 

g rowth in spring . For example , Lambert et a l . ,  ( 1 986) reported that ryeg rass has 

max imum g rowth rate in spr ing un l i ke most low ferti l ity adapted grasses that 

p roduce maximum growth in late spr ing to ear ly summer. I n  the current study, 

there was no  considerable tree shade i n  spr ing in the wi l low b lock but pasture 

g rowth was not to a comparable level to that of open pasture suggest ing that 
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d ifferentia l  pasture botan ica l composition ,  especia l ly ryeg rass, m ight have 

contr ibuted to increased g rowth i n  open pastu re area . 

4.4.7 Wil low leaf a rea and herbage acc u m u lation 

Willow leaf area i ncreased in spr ing and summer and reached its maximum i n  

February and decl i ned over autumn with few leaves on trees by the end of May.  

The leaf a rea development i n  spring and summer was as a resu lt of emergence 

of new fol iage and i ncrease in the s ize of exist ing leaves. This also affected the 

shoot length and tree height ind icating the effect of c l imate on g rowth . Leaf a rea 

development was ma in ly a funct ion of increas ing temperature with adequate 

soil water. Wh itehead ( 1 995) reported that need le elongation in Pinus radiata 

was related to thermal  t ime, us ing g rowing degree days with a base 

temperature of 6 QC at Don plantation New Zea land . S im i lar trends in leaf area 

development i n  wi l low coppice and its impact on canopy energy fl ux for d ifferent 

seasons has been d iscussed elsewhere ( I ritz & L indroth ,  1 996) .  

The s ign ificant d ifference i n  leaf area development between the 1 s t  and 2nd 

years (F ig ure 4 .4) h igh l ig hts the importance and imp l ications of sheep browsing 

in late spr ing i n  a wi l low browse block under New Zea land conditions .  This a lso 

ind icates that overstorey tree leaf a rea can be mod ified with l ivestock browsing 

in a s i lvopastora l system .  Leaf area mod ification can affect tree g rowth and its 

competition with understorey pasture because productiv ity depends pr imari ly on 

leaf area and photosynthetic rates, and tree-atmosphere exchanges of energy 

and water occu r  at the leaf leve l .  

Tree leaf a rea is general ly p roportional to  the cross-sect ional a rea of sapwood 

(Marsha l l  & Waring ,  1 986) . Grace & Fownes ( 1 998) reported that leaf area of 

Acacia koa trees correlated wel l  with stem d iameter (OBH)  and sapwood area 

(r2 = 0 . 9 1 ,  r2 = 0 . 92) ,  respectively . Osada (2006) has shown a positive effect of 

p revious-year leaf area on the current-year stem mass i n  Rhus tricocarpa tree . 

However, stem g rowth may cease 2-3 weeks after leaf a rea reaches a 

max imum i n  wi l low coppice (L indroth et a l . ,  1 994) . 
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I n  the current study, leaf area (du ring development phase) was strongly 

negatively correlated (F igure 4.5) to NHA rate . Bergez et a l . ,  ( 1 997) reported 

that the amount of l ight intercepted (PAR) in the tree canopy was h igh ly  

correlated with the leaf area of the tree and more importantly the rate of 

i nterception was found to be h igher on b righter days compared with cloudy 

days. S i lva-Pando et a I . , (2002) reported a negative relat ionship between tree 

LAI and annua l  herbage accumu lation ( (2 = 0 .72) . These authors reported 

herbage accumulat ion of 4 t ha- 1 y(1 under LAI of 3 .5 whi le in the current study 

pasture production was 5 .6 t ha-1 y(1 under LAI of 3 .2 .  The d ifferences could be 

d ue to other factors such as cl imate and pasture species botan ica l composition . 

I n  the current study, mean LAI of 7 .2  i n  the 2nd year shows that pasture 

p roduction could have been further m in im ised without sheep browsing .  This 

imp l ies that period ic sheep browsing can be used as a management tool to 

offset the shade effect on understorey pasture in wi l low browse blocks . 
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4.5  Conclusions 

The total N HA rate for OP was 1 0 .7 t OM ha-1 yea(1 compared with 5 .6 t OM ha-
1 yea(1 for WP. The mean da i ly net herbage rates were 29 .3 kg OM ha-1 day- 1 

and 1 5 .4 kg OM ha-1 day-1 for OP and WP , respectively . The maximum N HA 

rates occurred in November (68 . 1  kg OM ha-1 day-1 for OP vs 37 . 8  kg OM ha- 1 

day-1 for WP) whi le min imum rates were measured i n  Ju ly (4 .2 kg OM ha-1 day-1 

for OP vs 2 . 1  kg OM ha-1 day-1 for WP) .  

Maximum NHA occurred i n  spring (45 . 5  % vs 44 .2  %)  fol lowed by summer 

herbage rate (34 .6  % vs 30 .2 % of tota l annual NHA) in both OP and WP, 

respectively . Winter production was the least « 1 0 %) i n  both treatments. 

Spring ,  summer and autumn pasture productions were s ign ificantly h igher in OP  

whi le winter production remained s imi lar between treatments. 

The cumulative pasture yield in WP reached a maximum of 4 . 6  t OM ha-1 

month-1 i n  February. Pasture accumu lation increased du ring spr ing and summer 

with maximum gain in  December (0 .98 t OM ha-1 month-\ Senescence 

surpassed accumu lation rate i n  autumn and winter with maximum decrease i n  

Ju ly ( 1 .43 t OM ha-1 month- 1 ) .  

The ma in g rass species constituti ng the sward were ryeg rass, browntop and 

Yorksh i re fog .  Ryegrass and browntop were s ign ificantly h igher i n  OP than WP. 

C lover was s ign ificantly h igher in WP but lotus was only present in OP .  

Wi l low leaf area development was s ign ificantly d ifferent between the 1 st and 2nd 

years due to sheep browsing i n  late November in the 1 st year. Leaf area 

i ncreased du ring the summer months and reached to maximum in late February 

i n  both the 1 st and 2nd years (0 .9 1  m2 tree-1 vs 2 . 03 m2 tree-1 , respectively) . The 

maximum LAI in the 1 st year was 3 .25 whi le in the 2nd year, the max imum LAI 

was 7 .25 .  Leaf defo l iation was complete by the end of May in both years . Wi l low 

ga l l  sawfly attack was observed dur ing summer and persisted through autumn .  

The sawfly affected the leaf a rea development. 
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Wi l low ga ined a mean maximum height of 2 . 1  m and canopy c i rcumference of 

1 . 89 m.  This corresponded to 1 9 . 5  % canopy closu re ratio between four  nuclei 

trees. PAR level varied under the wi l low tree canopy. The mean PAR close to 

the stem was 1 2 . 3  % whi le between stem and canopy edge, PAR was 2 1 .8  % 

of that of open pasture .  Maximum PAR was close to the edge of the canopy 

(4 1 .6 %) compared with open pasture .  

So i l  moisture content genera l ly remained h igher in WP than OP i n  0- 1 50 and 0-

1 30 mm depth during 1 sI year. However, dur ing summer 2006 , the soi l moistu re 

content was s ignificantly h igher i n  OP than WP. Soi l moisture d ropped below 

wi lt ing point « 1 5 %) in February and March 2005.  

Tree shade was the major factor affecting the understorey pasture i n  WP. 

However, pasture species composit ion and the addit ion of dung and urine by 

sheep g razing a lso enhanced the pasture growth in OP compared with WP . 

Sheep b rowsing can mod ify the tree leaf area that may affect the tree shade 

and tree abi l ity to dry out the wet land . 
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5.1  I ntroduction 

Wil low and poplar a re integ ral part of the pastoral landscape of h i l l  country, New 

Zealand . Their easy estab l ishment and fast g rowth along with reasonable 

palatab i l ity offer a cost effective enterprise and viable option to New Zea land 

farmers . However, the main purpose of p lant ing wi l low and poplar res ides in 

hea l ing the scars of soi l  erosion sti l l  v is ib le on the face of h i l ls  of New Zea land ,  

and preventing fresh erosion on h i l l s .  

I n  New Zealand , agr icu ltura l land has been identified as a major sou rce of 

sed iment and nutrient enrichment of surface runoff water (Smith et a I . ,  1 993; 

Vant, 1 999) .  Stream habitat can be degraded due to increased sed iment load in 

the runoff (Ryan ,  1 99 1 ) .  Forestry operations ,  especia l ly c lear fel l ing can 

contribute to increased organ ic content in runoff sed iment that undergo 

anerobic breakdown us ing d issolved oxygen dur ing further decomposit ion and 

can cause critical oxygen shortage i n  the stream. For example ,  Graynoth , 

( 1 979) reported a fish k i l l  in  the Motueka river attr ibuted to forestry operat ions i n  

the Golden Downs State Forest, Nelson ,  New Zealand .  

The N and P fert i l isers such as urea and s ing le superphosphate are used on 

pastora l lands to mainta i n  the fert i l ity of the so i l  and help increase the pasture 

production .  Wh i le app l ication of these fert i l isers may help provide i ncreased 

pastu re , environmenta l consequences can be detr imental (Ledgard et a I . ,  1 999 ;  

Nash & Ha l l iwel l ,  1 999; Sharpley & Syers , 1 979) . 

Livestock g razing on pastoral lands can affect soi l  physica l and chemical 

properties by treading and deposition of excreta . Tread ing can cause d i rect 

plant damage and plant bu ria l (C luzeau et a l . ,  1 992 ;  Drewry et a l . ,  1 999) and 

a lter soi l  physical properties (Drewry et a l . ,  2000; Drewry & Paton ,  2005) ,  at 

least on a temporary bases. Animal dung and u rine are a lso imp l icated to be 

l i nked with i ncreased N and P concentrations in surface runoff and d ra inage 

water (de Klein & Ledgard , 2001 ; Houlbrooke et a l . ,  2003) .  

There have been on ly a few stud ies of the effect of trees on stream hyd rology 

and chemistry i n  New Zea land (Cooper et a l . ,  1 987; Cooper & Thomsen , 1 988;  
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McCol I et a l . ,  1 977; Qu inn  & Stroud, 2002) .  These stud ies reported the 

effectiveness of trees in reducing the sed iment load and improving the water 

qua l ity, vital for m in im is ing the eutroph ication of streams and rivers of New 

Zea land . However, the ab i l ity of wi l low and poplar to reduce surface runoff and 

sed iment and nutrient loss has never been measured . Th is p rompted the 

conducting of fie ld tr ials to test the effectiveness of young wi l low and poplar « 5 

yrs) trees i n  a si lvopastoral system . Therefore, the objectives of these 

experiments included: 

( i ) Study the effect of wi l low and poplar on soi l  moisture at d ifferent depths 

( 0- 1 50 mm, 0-300 mm and 0-450 mm) .  

( i i )  Determine the effect of  poplar and wi l low trees « 5 yrs) on surface 

runoff. 

( i i i )  Measure the sed iment losses i n  runoff water 

( iv) Quantify the N and P losses in  su rface runoff and d ra inage 

(v) Study the effect of sheep grazing and fert i l iser app l ication events on 

sed iment and nutrient losses 
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5.2 Materials and methods 

5.2 .1  Site descri ption 

The Mog in ie experiment was conducted on a p reviously establ ished site 

(Su laiman , 2006) at the ' Pasture and Crop Research U n it' Mog in ie, Massey 

Un iversity, Palmerston North . The wi l low (Ta ngoio) and poplar (Veronese) were 

establ ished i n  September 2002 using 60 cm long stakes of 25 m m  d iameter i n  a 

sq uare g rid at 1 .2 m spacing i n  six rows thereby g iv ing 36 trees in  each plot .  

The stakes were dr iven 30 cm i nto g round leav ing 30 cm above grou nd.  The 

site is located 1 750 37 E and 400 2 1  S longitude and latitude,  respectively, at 30 

m altitude from sea level with an average annual ra infa l l  of approx imate ly 1 000 

mm.  The water movement i n  the subsoi l  is not un iform due to preferential flow 

to mole chan nels in the cracks generated during mole p loughing (Scotter et a l . ,  

1 979a) .  

The soi l  is  classified as an  Arg i l l i c-frag ic Perch-g ley (Hewitt, 1 998) derived from 

deep deposits of loess-blown river sed iments which form on a deeply d issected 

up l ifted mar ine terrace (Mo l loy, 1 998) . The soi l  consists of a wea kly to 

moderately developed,  brown , si lt loam A-Horizon (c. 0-250 mm so i l  depth ) ,  a 

weakly developed, grey, strongly mottled , clay loam B-Horizon (c .  250- 800 m m  

soi l  depth) a nd a h igh ly compacted , weakly developed , pa le-grey, silt loam 

frag ipan C-Horizon, which acts as a natural barrier to d ra inage (Scotter et a I . , 

1 979a) 

Due to its poor internal dra i nage, Tokomaru si lt loam is subjected to water 

logg ing in wi nter and early spring (Hudson et a l . ,  1 962) .  However, in summer 

and early autumn ,  pastures usual ly experience a period of growth-l im iting water 

stress (Scotter et a l . ,  1 979a) .  The other characteristics inc lude the bu lk  density 

of 1 . 1 Mg m-
3
, a satu rated hydrau l ic conductivity of 32 mm day-1 , a nd a field 

capacity va lue of 45 % v/v for the 0-1 00 mm depth (Scotter et a l . , 1 979a) .  

The site description for the Riverside Farm experiment has been given in 

chapter 4 sect ion 4 .2 . 1 . 
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5 . 2 . 2  Experimenta l d es i g n  a n d  treatments 

At Mog in ie, plots were selected that had poplar (Veronese) and w i l low 

(Tangoio) trees or ig inating from stem cuttings planted at 1 .2 m spaci ng i n  

September 2002 (Su la iman 2006) whi le the  pasture p lots were selected for thei r  

close p roxim ity and  were cleared of any non-pasture species etc. The 

experiment was a randomised complete b lock (RC B) design with two b locks 

and two treatments, namely: Tree Pasture (TP) and Open Pastu re (OP) .  TP had 

four rep l icates (wi l low and poplar  each represented two rep l icates) whi le  OP 

had two rep l icates. Althoug h slope va ried between ind iv idua l  plots and tended 

to be steeper i n  TP , it was not statistica l ly d ifferent between OP and TP (4 .6 ± 

0 .22 % vs 5 .7  ± 0.40 % ,  respectively) . Both TP and OP were g razed with sheep 

in  Decem ber 2005, Ju ne 2006 and November 2006 to study the sheep camp ing 

behav iour  and grazing impact on ru noff and d rainage water qua l ity. 

The experi mental design for R iverside Farm has been described i n  sect ion 

4 .2 .2 .  However, due to financial  constra ints, on ly two p lots were developed for 

runoff measu rement i n  each treatment (WP and �P) .  The slope in WP and O P  

plots was simi lar (6 . 3  ± 0 . 2 1  % vs 5 . 9  ± 0 . 36 % ,  respectively) . WP plots were 

grazed with sheep before the set up  of plots for runoff measurement but O P  

plots were g razed rotational ly through out the period of tria l .  

5.2.3 Soi l  sam p l i n g  a n d  laborato ry ana lyses 

At Mog in ie experimental site , so i l  samples were col lected at the sta rt of the 

experiment and laboratory ana lyses for Olsen P were conducted using the 

same procedu re and methodology described i n  section 3 . 2 .4 .  The procedures 

for soi l  sam p l ing and analyses for the R iverside Farm experiment have been 

g iven in section 4 .2 .3 .  

5. 2.4 S o i l  moistu re meas u rement 

The soi l  moisture content was measured uS ing the same methodology 

described i n  section 3 .2 .5 .  A si ngle set of probes was i nserted at 0- 1 50 mm, 0-

300 mm and 0-450 mm depth i n  the m iddle of each plot at 250 mm d ista nce 

from trees. The soi l  moisture content for the 1 50-300 mm and 300-450 mm soi l  

depths were obta ined using the same equation described in  section 3 .2 .5 .  
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5.2 .5  Plots set u p  a n d  ru n off i n stru m e ntation 

I n  order to capture surface runoff, the p lots requ i red borders capable of 

p reventing incoming surface water from the surround i ng area enter ing the plots 

and vice versa .  It a lso requ i red a system that could d ischarge the surface water 

from the plot to a s ing le outlet where volume and flow rate could be measured 

accu rately. 

P lots (6 m x 6 m) at Mog in ie and (9 m x 4 . 5  m) at Riverside Farm were marked 

us ing str ing .  Channels (80 mm  deep) were excavated along the marked l ines on 

three sides (top ,  rig ht and left) of each p lot . A wooden board was d riven i nto 

each channel to demarcate the plots and prevent outs ide water enter ing into the 

p lots . The excavated soil was repacked along the wooden boards to prevent 

water accumu lation on either s ide. 

At the bottom end of each p lot a trench was excavated so as to fit a length of 

PVC spout ing . The PVC spout ing was p laced at rig ht ang les to the s lope and 

set into the g round to be level with the down slope soi l  surface (P late 5 .2b) .  A 

60 mm wide ga lvan ised meta l sheet was p repared to fit the p lot width and 

folded g iv ing 40 mm and 20 mm edges. The sheet was placed along the soi l  

face with the 40 mm edge fac ing ups lope and d riven 20 mm into the upslope 

soil face at a depth of 1 0  mm from soi l  su rface . The 1 0  mm exposed soil face 

above the sheet was sealed usi ng s i l icon sea lant to stab i l ise soi l and p revent 

soi l  erosion du ring a ra i n  event. The other 20 mm edge of the sheet was 

d ropped over the spouting a l lowing water to d rop d i rectly into the spouting 

without any loss or leakage .  

A wooden board was fixed a long the length of  the other s ide of the spouting to 

further strengthen the spouting and stab i l ise against any movement that could 

have been created by the surface runoff water. To this bu ried board another 

wooden board (200 mm x 25 mm) was na i led to p rovide a cover over the 

spout ing to prevent rainfa l l  water entering  d i rectly i nto the spouting . The other 

edge of the covering board was na i led to wooden pegs d riven i nto the g round . 

Outside the bottom end of each p lot ( 1 . 5 m from p lot boundary) , soi l  was 

excavated to create a pit ( 1  m x 1 m x 0 .75 m) .  Each p it was l ined with 
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galvan ised roofing sheets, na i led to wooden pegs in  each corner of the p it ,  to 

prevent soi l  being d ropping into the pit from side wa l ls ( P late 5 . 1 a, b) .  A heavy 

cement s lab (60 cm x 48 cm x 6 .5  cm) was fixed at the bottom of each p it .  Each 

s lab had bolts that a l lowed adjustment to level the t ipping bucket. The floor 

around the slab was l i ned with g ravel .  

Two- l itre t ipping buckets were constructed from PVC sheets. Each ti pp ing 

bucket was fixed onto a metal frame (56 cm x 32 cm x 53 cm) that was 

mounted on the cemented slab in each p it (P late 5 . 1 b) .  The runoff water was 

d i rected from spouting to each t ipping bucket via down-p ipe (80 mm externa l  

d iameter) . A short length of PVC pipe (2 1 . 5 mm externa l  d iameter) with a 1 0  

mm s lot was mounted at the base of one side of the frame of the t ipping bucket 

to catch a smal l  sample of the water from each t ip of the bucket. The sub 

sample was fed into a five l itre conta iner via a short length of garden hose ( 1 5  

mm external d iameter) . The 1 0  mm diameter slot gave 0 .4% sa mple of the total 

runoff volume .  A data logger was fixed to each t ipp ing bucket to count the 

number of tips (Plate 5 . 1  b) .  Each t ipping bucket was covered with a p ly wood l id 

to prevent ra i n  water d ropping i nto the t ipping bucket. A subsurface dra in  ( 1 1 0  

mm externa l d ia) was instal led to conduct the water away from the bottom of the 

p it (P late 5 .2a) .  

(a) (b)  
Plate 5 . 1  (a) View of a tree pasture (TP) plot showing plot borders with wooden 

boards ,  down p ipe and pit duri ng setup for runoff measurement at Mogin ie ,  
Manawatu . (b)  View of a ti pping bucket fixed in  a frame and mounted on a 
s lab in the pit at Mogin ie ,  Manawatu .  

Each t ipping bucket was ind iv idual ly ca l ib rated for static and varying flow rates . 

Dynamic cal i bration was developed i nside the laboratory for each tipp ing bucket 
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to prov ide a measure of ru noff flow rates tak ing into accou nt the sp i l lage .  This 

was done by measur ing the change in  t ip vol ume over a range of flow rates , 

wh ich was in turn used to develop a re lat ionship between t ipp ing rate and 

vol ume per t ip .  Data loggers connected to the tipping buckets i n  the fie ld 

provided a record of t ipp ing rates and dyna mic ca l ibration was then used to 

determ ine tip volume. 

Static cal ibration was done in the f ie ld after fix ing the t ipping buckets in  each p it .  

Water was poured with a ten l itre pai l  slowly and carefu l ly  not to exceed the 

tipp ing bucket handl i ng capacity. Pour ing of  water was stopped when the 

bucket started to t ip .  The volume of water req u i red to i n itiate a t ip was 

calcu lated by weig h ing the ten l itre pai l  before and after pouring with a d ig ital 

sca le .  The p rocess was repeated ten times and the average volume that 

triggered a tip was calculated for each bucket. 

(a) (b)  

Plate 5.2 (a) Trench excavated to d ischarge surplus water from the main pit at 
Riverside Farm. N ovaflow pipe is ready to be la id i nto the trench.  (b) 
Spouting la id into the trench at the bottom end of a tree pasture (TP) plot at 
Mogin ie ,  Manawatu .  

5 . 2 . 7  Dra i nage i n stru me ntation .  

Suction cups (Eriksen et  a I . ,  2004) at 0-300 m m  depth were used to sample soi l  

water at the Mog in ie site. A suction of approx imate ly 80 KPa was appl ied to 

create a vacuum 24 hours prior to sampl ing .  The samples were col lected us ing 
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a syr inge attached to a s i l icon tube long enoug h  to reach to the bottom of the 

suction cup .  

5.2.6 Ru noff and d ra i nage sam p l i n g  and laboratory 
p roced u re 

Surface runoff from p lots was measured event wise as and when they 

happened . The sample col lected in the five l itre conta i ner was shaken and then 

poured i nto a graduated p lastic jug.  The total sample volume was noted for 

each p lot for each event. This provided a back up  information on  ru noff in  case 

of data logger fai lu re .  The samples for chem ica l  ana lysis of n utrients were 

col lected i n  a 1 20 m l  plastic conta iner. I n  case of smal l  events where 1 20 m l  

sample volume was not avai lable ,  the whole avai lable sample was col lected . 

Samp les were transported to Massey U n iversity ,  Pa lmerston North a nd frozen 

unti l  analysed . The sed iment samples were col lected from la rger events , 

preferably those events with a m in imum of 500 m l  of sed iment samp le .  

However ,  a t  t imes ,  sma l l  size samples were also used for important events 

such as those used to study g razing and vegetative cover effects . 

Water qua l ity analyses were conducted on runoff a nd dra inage samp les . 

However, runoff events with insufficient sample volume were not ana lysed . The 

runoff ana lysis included : suspended sol ids (SS) ,  tota l phosphorus (TP) ,  

d issolved reactive phosphorus (D RP) , tota l kjeldah l  n itrogen (TKN) ,  n itrate-N 

(N03--N )  and ammoniu m-N ( N H/ -N) .  Total n itrogen was calcu lated by add ing  

N03--N values to that of  TKN . The dra inage samples were on ly  analysed for 

DRP,  N03--N and NH/-N .  Ana lyses were conducted colorimetrica l ly on a 

Techn icon I I  Auto Analyser. I nd iv idual  nutrient and sed iment analyses were 

ca rried out us ing the methods g iven below: 

( i) NH/ -N was determined by the method of Searle ( 1 975) . 

( i i )  N03-- N was determ ined by the method of kemphake et a l . ,  ( 1 967) 

us ing a hyd razine reduction . 

( i i i )  TKN fol lowing acid d igest by the method of McKenzie & Wal lace 

( 1 954) .  

( iv) DRP by the method of Murphy & Ri ley ( 1 962) .  
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(v)  TP was determined by the van adomolybdate method (AOAC , 1 975) 

fo l lowing a Kjeldha l  acid d igest as described by McKenzie & Wal lace 

( 1 954) . 

(v i )  Suspended sol ids were determ ined g ravimetrica l ly .  Samples were 

fi ltered th rough Whatman GF/C fi lters . After fi ltrat ion ,  fi lters were d ried 

for 24 hours at 1 05 DC .  The resid ue was weig hed in an analytical 

balance to calculate the total concentration of suspended sol ids.  The 

organ ic content of the suspended sol ids  was estimated as the loss 

weig ht after ign ition at 550 QC for four hours (AP HA. ,  1 980) . 

5.2.7 S i m u lated ra i nfa l l  

Simulated ra i nfal l  was used at the Mog in ie site i n  a utumn 2006.  Galvan ised i ron 

p ipes (G I )  were fixed to posts in each corner of the p lot whi le a 5th pipe was 

fixed to a post in  the centre of the p lot. The pi pes were con nected with garden 

hose p ipes each supplying water from the main  p ipe .  At the top of each GI  p ipe,  

a spr ink ler was fixed . Each sprin kler had an adj ustable nozzle to spray water in 

a desired d i rection .  The d rop size was also adjustable.  The corner sprink lers 

were set to 900 i nward whi le the centra l spri nkler was adj usted to 3600 to spray 

water al l a round the plot .  The water was suppl ied from a s ing le main on-farm 

water source from a heig ht of 5 .6  m in  OP and TP Uust above the trees) p lots . 

The i nte nsity of the s imu lated ra i nfa l l  (mm h- 1 ) and its d istribution in  the p lots 

were measured by p lacing plastic buckets at even space in the plot. Plots were 

i rrigated d u ring very calm periods to avoid wind effects . 
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5.3 Results (Mog in ie experiment) 

5.3. 1 Olsen P 

The mean soi l  Olsen P i n  the 0-75 m m  a nd 75- 1 50 m m  soi l  depths were 36 I-lg 

g- 1 a nd 1 7  I-lg g-1 , respectively .  The soi l  pHs for the 0-75 mm and 75-1 50 mm 

depths were s imi lar (5 .3 ) ,  respective ly. However, Olsen P and pHs were not 

s ign ificantly d ifferent between treatme nts (P  > 0 .05) .  

5 . 3 . 2  Ra i nfa l l  a n d  tem peratu re 

The monthly ra infa l l  pr ior to Apri l  2006 has been g iven in  F igure 3 . 2  wh i le 

rainfa l l  for the subseq uent months is g iven in  F igure 5 . 1 .  I n  October 2006, the 

rainfa l l  was more ( 1 72 mm) than in  any other ind iv idua l  month s ince Apri l  2006 

whi le September 2006 yielded the l east ra infal l  (69 .2  mm).  Overa l l ,  spr ing 

ra infa l l  was more (373 .8 mm) than wi nter rainfa l l  (352 .6 mm). The smal lest 

mean m in imum air temperature (2 °C)  was recorded in J u ne 2 006 wh i le the 

g reatest mean maximum a i r  tem perature (20 °C) was in Apri l 2006 (F igure 5 . 1 ) .  

_ R ainfall _ Mean max temp ---"'- Mean min temp � Temp at 1 00 mm soil  depth 
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Figure 5 . 1 Total monthly ra infa l l  (mm) and mean a i r  and soi l  temperature (0C) dur ing 
the experimental period in Palmerston North ,  New Zealand.  

(Source : Ag Research) 
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5.3.3 Soi l  m oistu re co ntent 

5.3.3.1  0-1 50 mm depth 

In wi nter 2005, soi l  moistu re content to a depth of 1 50 mm was close to field 

capacity and d ifferences between treatments were not sig n ificant (F igure 5 .2 ) .  

During spring 2005, so i l  mo istu re was qu ite variable between dates but there 

were no sign ificant d ifferences between treatments (P > 0 .05) .  A sharp decli n e  

i n  soi l  moisture content was observed from October 2005 onward in  both 

treatments but soi l  moisture on 1 5th December 2005 (32.2 ± 1 . 95 % vs 22 .8  ± 

0 .53 %) and 14th Februa ry 2006 (31 . 0  ± 0 .2  % vs 20.6 ± 0 . 54 %) was 

s ign ificantly h igher in  OP than TP, respectively. A s imi lar  trend was observed on 

26th Apri l  2006 and 31 st May 2006. The repeated measures analyses revea led 

that soi l  moistu re content at 0- 1 50 mm depth remai ned sig n ificantly h ig her i n  

OP than TP ( P  < 0 .0001 ) over the period of the tr ial (Table 5. 1 ) .  
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Figure 5.2 Vo lumetric so i l  moisture content (%) at 0-1 50 mm depth in  open pasture 
(OP) and tree pasture (TP) treatments at Mogin ie ,  Manawatu . L ine bars 
show the SEM for each treatment * denotes sign ificance at P < 0.05. 

5 .3 .3.3 0-300 mm depth 

The date-wise mean soi l  moisture trend is g iven in F igure 5 .3 .  Date-wise 

a nalysis revea led that soi l moistu re contents on 20th February 2006 were 

s ign ificantly h ig her (P = 0 . 0344) in OP than TP (21 . 9  ± 1 . 05 % vs 1 4 .7  ± 1 .25 % ,  

respectively) .  S ign ificant d ifferences were again measu red on 1 0th May 2006 

(36 . 8  ± 0.65 % vs 3 1 . 9 ± 0 .60 %) and 30th J u ne 2006 (39 .9  ± 0 . 30 % vs 35.4 ± 
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1 . 02 %) when soi l  moistu re contents were s ign ificantly h igher (P = 0 .0076, P = 

0 .0452) in OP than TP.  The repeated measures a na lyses also confi rmed that 

soi l mo isture contents in the 0-300 mm soil depth were sig n ificantly h ig her (P = 

0. 0004) in  OP than TP over the study period (Table 5 . 1 ) .  

Table 5 . 1  Least square means for volumetric soi l  mo istu re content (%)  i n  open 
pasture (OP) and tree pastu re (TP) treatments at Mogin ie ,  
Manawatu . 

Treatment Soil moisture (%) at d iffere nt depths (mm) 

0- 1 50 0-300 1 50-300 0-450 350-450 

OP 
TP 

SE 

OP 
TP 

32 . 90 
29 . 1 0  

0 . 32 
0 .23  

29 . 1 7  
27 .38  

0 . 39 
0 .28  

25 .42  
25 .61  

0 . 83 
0 . 59 

30 .05 
25 .95 

0 . 39 
0 .27 

3 1 . 8 1  
23 . 1 3  

1 . 45 
1 . 02 

Sig n ificance <0 .0001  0 .0004 0 .8492 <0 .0001  <0 .0001  
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Figure 5,3 Volumetric so i l  moisture content (%) at 0-300 mm depth in open pasture 
(OP) and tree pasture (TP) treatments at Mog in ie ,  Manawatu. Line bars 
show the SEM for each treatment. * denotes sign ificance at P < 0.05,  

, 

The resu lts from date-wise ana lyses of soi l  moisture contents i n  the 1 50-300 

mm depth were s imi lar  between treatments except on 30th September 2005 
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(Appendix 5 . 1 )  The repeated measu res a nalyses revea led that there were no 

s ign ificant d ifferences (P  = 0 .8492) i n  soi l  moisture contents between 

treatments over the period of  the tria l  (Table 5 . 1 ) .  

5.3.3.5 0-450 mm depth 

Summer and autumn moisture deficit was g reater in  TP than OP in  2005-06 

(F ig ure 5 .4) .  For exa mple,  so i l  moisture content was s ign ificantly h igher (P = 

0. 035 1 ) in  OP than TP on 24th November, (27 .7  ± 1 . 8 % vs 2 1 .4 ± 1 . 1 2  % ,  

respectively) with s imi lar  trend o n  1 5th December 2005,  1 6th January and 20th 

February 2006. Nevertheless, s ign ificant d ifferences were also noted at ti mes 

u nt i l  late June 2006 (F ig ure 5 .4) .  The over time analyses (repeated measures) 

confi rmed th at soi l  moisture deficit was s ign ificantly g reater in  TP than O P  

(Table 5 . 1 ) . 

The soi l  moisture contents at 300-450 m m  depth were s ign ificantly h igher ( P  = 

0 . 0389) i n  OP than TP on 1 0th May 2006 (Appendix 5 .2 ) .  The repeated 

measures ana lyses showed s ign ificant (P < 0 . 000 1 )  d ifferences between 

treatments with OP having h ig her so i l  mo isture tha n  TP over the period of tria l  

(Table 5 . 1 ) . 
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Figure 5.4 Volumetric soi l  moisture content (%) at 0-450 mm depth in open pasture 
(OP) and tree pasture (TP) treatments at Mogin ie ,  manawatu. L ine bars 
show the SEM for each treatment. * denotes sign ificance at P < 0.05 .  
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5.3.4 S u rface ru n off 

The d ifference in cumu lative ru noff between OP and TP over the study period 

was non-sign ificant at 5 % (406 .2  ± 52 . 94 mm vs 2 1 7 ± 36 mm,  respective ly) 

due to marked variab i l ity between plots with in treatments (CV = 34) . However, 

values were sign ificant at 1 0  % (P = 0.0832) .  The cumulative runoff totals for 

OP and TP were 24 % and 1 3  % of cu mu lative ra infa l l  ( i nc lud ing s imulated 

ra infa l l  in April 2006) for the study period , respective ly .  Differences in 

cumulative runoff for the seasons between treatments were only sign ificant in  

spring 2 006 (Table 5 .2 )  when ana lysed at 1 0  % ( P  = 0 .070 1 ) .  The bu lk of  ru noff 

occu rred i n  winter 2006 from both OP and TP (4 1 .6 % each) of their  respective 

total runoff fol lowed by spring 2006 (26.7 % vs 22.2 %, respectively). 

The red uction in  cumulative runoff volume in spring 2006 compared with wi nter 

2006 was more severe from TP than OP (47 % vs 36 %, respectively) . Also, i n  

spring 2006,  the d ifference i n  mean runoff volume between OP and  TP (1 08. 64 

± 3 .5  m m  vs 48.32 ± 1 6 . 3  mm;  P = 0 .070 1 , respectively) was greater tha n  

spring 2005 (55 .94 ± 7 . 9  m m  32. 24 ± 1 1 . 2 mm;  P = 0 .2432,  respectively) . Th is 

ind icated that trees were more effective i n  spring 2006 i n  red ucing ru noff tha n  

spri ng 2005 .  The repeated measures analyses revealed that runoff was 

s ign ifica ntly g reater from OP than TP (P < 0.0001 ) du r ing the period of study. 

Event-wise runoff (mm) is shown in  F igure 5 .5 .  Desp ite a clear trend for runoff 

bei ng h igher from OP than TP, resu lts were not sig n ifica nt i n  spring 2005. I n  

2005, the major  runoff event occu rred o n  5th October and yielded mean tota ls of 

37 .2  ± 2 .64 m m  and 22 . 1  ± 7 .49 mm ( P  = 0 .2552) of runoff from OP and TP,  

respectively.  Var iabi l ity a lso occu rred d u r ing the s imulated ra infa l l  events on 1 st 

and 1 6th Apri l  2006 and d ifferences i n  runoff remained non-s ign ifica nt between 

treatments (F igure 5 .5 ) .  However, d ifferences between treatments were 

sign ificant i n  the relatively  smal l  runoff events on 1 8th and 25th Apr i l  2006 when 

OP had greater runoff (P = 0 .001 7 ,  P = 0 . 0007) than TP ( 1 .2 ± 0 . 005 mm vs 0 .2  

± 0 .09 mm a nd 0 .83 ± 0 .035 mm vs 0 . 05 ± 0 . 052 m m ,  respective ly) . Such 

d ifferences were again observed on the 4th and 1 ih J une 2006 when runoff was 

sign ificantly h igher (P = 0 . 0343 ,  P = 0 .0471 )  from OP than TP ( 1 6 . 5  ±1 .29 mm 

vs 6 . 8  ± 1 . 97 mm and 14 . 1 ± 0 .34 mm vs 5 . 3  ± 2 . 07 m m ,  respective ly) . 

1 6 1  



Chapter 5 

During J uly and Aug ust 2006,  runoff was statistica l ly s imi lar  between 

treatments. However, on 4th October 2006, runoff was again s ign ificantly h igher  

(P  = 0 .033 1 ) from OP than TP ( 1 2 .6 ± 0 .36 mm vs 3 . 1 ± 1 .99 mm,  respectively) . 

S im i larly, the runoff events on  8th and 1 5th November 2006 were also 

s ign ifica ntly d ifferent between treatments (P  = 0 .005 1 , P = 0.04 1 5) when OP 

had h igher ru noff than TP (9 .5  ± 0.85 mm vs 1 .6 ± 0 . 97 mm and 1 6 .5 ± 1 . 84 

mm vs 5 .8  ± 2 .28 mm,  respectively) . The maximum runoff in a s ingle event in  

2006 occu rred on 22nd October when OP and TP yielded 51 .9 ± 0 .8  mm and 

27 .3  ± 8.4 mm runoff (P  = 0 . 1 23) ,  respectively.  

Table 5.2 Seasonal runoff (mm) comparison between open pasture (OP) and 
tree pastu re (TP) treatments at Mogi n ie ,  Manawatu . 

Tmt Spring-05 Summer-06 Autumn-06 Winter-06 Spri ng-06 Tota l 
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Figure 5 .5  Event-wise surface runoff (mm)  in  open pasture (OP)  and tree pasture (TP) 
treatments at Mogin ie,  Manawatu . Line bars show the SEM for each 
treatment. * denotes s ign ifi cance at P < 0.05.  
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5.3.5 Sediment load i n  s u rface ru n off 

The d ifferences in event wise TSS concentrations between treatments were 

only s ign ificant (P = 0 . 0252) on 4th June 2006 when OP had a g reater va lue 

(F igure 5.6) than TP (368 ± 60. 38 mg L-1 vs 208 ± 1 8 . 1 7  mg L-\ respectively) . 

S imi lar  to TSS, d ifferences between treatments for ISS (24 1 ± 49 .5  mg L-
1 vs 

1 36 ± 1 2 .3  mg L-1 ; P = 0 . 04 1 7) a nd OSS concentrations ( 1 27 ± 1 0 .79  mg L-1 vs 

72 ± 6 .62 mg L-1 ; P = 0 . 0 1 00) were on ly sign ificant on 4th J une 2006 (F igures 

5 .7 ,  5 .8 ) .  The runoff event on 4th Ju ne 2006 occurred soon after sheep g razing 

and the suspended sol id concentrations were the h ig hest of al l  events d ur ing 

the study period . Concentrations were a lso affected by the soi l  cover (either 

pasture or trees with leaves) or season .  For example ,  the concentrations were 

low in the runoff event on 22nd October 2006 from OP and TP, despite the 

sizeable nature of this event (TSS = 9 . 5  ± 1 . 34 mg L-1 vs 1 2 .6 ± 1 .62 mg L-1 ; P = 

0 .2933, respectively) due to substantia l  g round cover as plots were not g razed 

after 4th June 2006. The repeated measures ana lyses determ i ned that 

d ifferences between treatments for concentrations of TSS,  ISS and OSS were 

not s ignificant over time (Table 5 .4) . 
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Figure 5 .6  Total suspended sol ids (TSS) concentration (mg L- 1 ) in surface ru noff (mm) 
in open pasture (OP) and tree pasture (TP) treatme nts at Moginie,  
Manawatu .  L ine bars show the SEM for each treatment.  * denotes 
significance at P < 0.05.  
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Figure 5.7 I norganic suspended sol ids ( ISS) concentrations (mg L-1 ) in surface runoff 
(mm) in  open pastu re (OP) and tree pasture (TP) treatments at Mogin ie ,  
Manawatu .  L ine bars show the SEM for each treatment. * denotes 
significance at P < 0 . 05.  
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Figure 5.8 Organic suspended sol ids (OSS) concentrations (mg L-1 ) i n  surface runoff 
in  open pasture (OP) and tree pasture (TP) treatments at Mogin ie ,  
Manawatu . L ine bars s how the SEM for each treatment. * denotes 
sign ificance at P < 0 .05 .  

The cumu lative TSS loss , over the study period , was sign ificantly greater (P  = 

0 . 0 1 58) from OP than TP (443 ± 67.2 kg ha- 1 vs 2 1 2  ± 27 .9 kg ha- 1 , 

respectively) (Table 5 .3 ) .  The fractionation of suspended sol ids i nto inorgan ic 

( ISS) and organ ic suspended so l ids (OSS) revealed that the bu lk of  suspended 

load was in the form of ISS (Table 5 .3) .  The cumu lative ISS losses were 329 ± 

59 .8  kg ha-1 vs 1 55 ± 1 8 .6 kg ha-1 from OP and TP,  respectively ( P  = 0 . 0 1 52) .  

The ass losses were 1 1 4 ± 7.3 vs 57 ± 9.7 from O P  and TP respectively (P  = 
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0 .0204) . Therefore,  ISS and OSS constituted about 74 % vs 73 % and 26 % vs 

27 % of total sol ids losses from OP and TP treatment, respectively. 

The seasona l  analysis revealed that TSS losses were the highest in  wi nter 2006 

for both OP (73 %) and TP (63 .6 %) (Ta ble 5 . 3) .  Spring 2005 losses were 2 1  % 

and 26 % wh ile spring 2006 losses were the least ( 1 . 6  % vs 2 .8  %) from OP 

and TP, respectively. Althoug h the autu mn contribution was 4 % and 7 .5  % for 

OP and TP the major share was from s imu lated ra i nfa l l  events. Spring 2006 

was the on ly season when OSS losses surpassed I S S  in both OP and TP 

(Table 5 .3) .  

Table 5 .3  Seasonal suspended sol id losses (kg  ha-1 ) i n  surface runoff (mm) 
from open pasture (OP) and tree pasture (TP) treatments at  Mog in ie ,  
Manawatu. 

Season Solids 
Treatment SE 

Sig .  
O P  T P  O P  T P  

Spring-05 TSS 93 55 1 6 . 94 1 1 . 94 0 1 393 

I SS 79 46 1 4 . 97 1 0 . 2 3  0 . 1 407 

OSS 1 4  9 1 . 96 1 . 88 0 . 1 577 

Autumn-06 TSS 1 8  1 6  9. 1 4 2 . 07 0 . 8091 

I SS 1 3  1 1  8 . 5 8  1 97 0 . 7477 

OSS 5 5 0 . 56 0. 49 0 . 6322 

Winter-06 TSS 325 1 35 41 .68 25.04 0 . 0 1 39 

I SS 236 97 36. 5 5  1 7. 8  0 . 0 1 6 1  

OSS 89 38 5. 1 3  7 . 3 1  0 . 0 1 1 1  

Spring-06 TSS 7 6 0.59 1 . 94 0. 7991 

ISS 1 1 0. 24 0 . 76 0. 7797 

OSS 6 5 0.35 1 . 26 0 . 5 8 1 2 

Total TSS 443 2 1 2  67.2 27.9 0 . 0 1 58 

I S S  329 1 55 59.8 1 8. 6  0 . 0 1 52 

OSS 1 1 4 57 7 . 3  9 . 7  0 . 0204 

Event-wise analysis of TSS ( F ig ure 5 .9 ) ,  ISS (F ig ure 5 . 1 0 ) a nd OSS (F igure 

5. 1 1 )  losses showed that ma rked variab i l ity occurred between p lots with in 

treatments and desp ite a clear pattern fo r less suspended sol ids in TP,  

d ifferences between treatments were not s ign ificant for a l l  the events . For 

example,  on 5th October 2005 , the mea n val ues for OP and TP were not 
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Figure 5 .9  Total suspended sol ids (TSS)  losses (kg ha-1 ) i n  surface runoff (mm) i n  
open pasture (OP) and  tree pasture (TP) treatments a t  Mogin ie ,  Manawatu . 
L ine bars show the SEM for each treatment. * denotes s ign ificance at P < 
0 . 05. 

s ign ificantly d ifferent (TSS = 60 ± 1 3 . 8  kg ha-1 vs 34 ± 8.3 kg ha-1 ) d ue to 

marked var iabi l ity (CV = 40) .  However, winter loads were sign ificantly d ifferent 

between treatments except on 1 ih Ju ly 2006 . For example, on 4th June 2006,  

the TSS were about 4 fo ld h igher (P = 0 . 00 1 7) from OP than TP (60 .32 ± 5 .24 

kg ha-1 vs 1 4  ± 3 . 5  kg ha-1 , respectively) . Simi larly, on 4th of Ju ly 2006, the TSS 

losses were a lso four fold h igher from OP than TP (36 . 6  ± 0 .8  kg ha-1 vs 9 ± 2 

kg ha-1 , respectively) ( P  = 0. 0009) .  The repeated measures ana lyses confi rmed 

that TSS, ISS and ass losses were sign ificantly g reater from OP than TP over 

the experimental period (Table 5.4) .  

Table 5.4 Least square means for suspended sol ids concentrations (mg L-1 ) 
and losses (kg ha-1 ) in su rface runoff (mm) in open pasture (OP) and 
tree �asture {TP} treatments at Moginie, Manawatu . 

Treatment TSS ISS OSS 
conc losses conc losses conc losses 

OP 1 54 .0  36 . 8  1 1 4 .0  27 .4 40. 0 9.4 
TP 1 36 .7  1 7 .6  99 . 5  1 3 .0  37 . 2  4 .6 

SE 

OP 1 7 .66 2 . 1 6  1 3 .85 1 . 76 5 .50 0 .47 
TP 1 2 .66 1 . 55 9 .93 1 .29  3 .94 0 .34 

Sig .  0 .4289 <0 . 0001  0 .405 1 <0 .0001  0 .6586 <0 . 0001 
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The h ig hest losses of suspended sol ids in  a s ing le ru noff event were recorded 

on 1 2th J u ly 2006 when OP a nd TP yielded a mean tota l of 1 00.5 ± 0.06 kg ha-1 

and 55 .5  ± 1 . 6 kg ha-1 sol ids ,  respectively and these losses were sig nificantly 

d ifferent ( P  = 0 .006) .  
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Figure 5. 1 0  I norganic suspended sol ids ( I SS) l osses (kg ha- 1 ) in s u rface runoff (mm) in  
open pasture (OP)  and tree pasture (TP) treatments at  M oginie, Manawatu . 
Line bars show the SEM for each treatment. * denotes s ign ificance at P < 
0.05.  
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Figure 5. 1 1  Organic suspended sol ids ( ISS) losses (kg ha-1 ) in  surface runoff (mm) in 
open pasture (OP) and tree pasture (TP) treatments at Mogin ie ,  Manawatu .  
L i ne  bars show the SEM for each treatment. * denotes sign ificance a t  P < 
0.05. 
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5.3.6 Phosph orus losses in  ru n off wate r 

Total P concentrations were not sig n ificantly d ifferent (P > 0 .05 ) between 

treatments for any of the runoff events during the study period (Table 5 . 5) . 

However, concentrations were greatly affected by P fert i l iser app l ication . For 

example ,  concentrat ions increased substantia l ly on  1 st Apri l  2006 (5 . 08 ± 0 . 9 1  

mg L-1 a nd 3 .77 ± 1 . 1 9  mg L-1 for O P  a n d  T P ,  respectively) d u e  to app l ication of 

S ing le Super Phosphate (P = 45 kg ha-1 ) compared with the previous runoff 

event on  8th October 2005 ( 0 .87 ± 0 .33 mg L-1 and 0 . 78 ± 0 .09 mg L-1 for OP 

a nd TP, respectively) . S im i la rly, concentrations peaked (282 .63 ± 6 . 37 mg L- 1 

a nd 287 .76 ± 1 6 . 95 mg L-1 for OP and TP,  respectively) after appl ication of 

fert i l iser ( P= 50 kg ha-1 ) compared w ith the previous event without app l ication of 

ferti l i ser on 22nd October 2006 (0 .65 ± 0 . 02 mg L-1 and 0.79 ± 0 . 1 6  mg L- 1 for 

OP a nd TP,  respectively) . 

Table 5 .5  Tota l P concentrations (mg L-1 ) in surface runoff (mm) i n  open 
pasture (OP) and tree pasture (TP) treatments at Mogi n ie ,  
Manawatu.  

Date 
Treatment 

LSD Sign ificance 
OP TP 

05 . 1 0 . 05 1 . 02 0 . 84 0 .34 0 .2 1 40 
08 . 1 0 .05 0 .87 0 .78 0 .69 0 .7283 
0 1 . 04 .06 5 .08 3 .77 5 .20 0 .5229 
1 6 . 04 .06 0 .98 0 .75 0 .53  0 .29 1 1 
1 8 . 04 .06 1 . 56 1 . 02 1 .03 0 . 1 948 
29 . 05 .06 2 .05  1 .42 1 .72 0 . 3637 
04 . 06 .06 5 1 . 1 1  56 . 9 1  30 .73 0 .6281  
1 2 . 06 .06 4 .39 4 .88 2 .62 0 .6287 
1 4 . 06 .06 2 . 52 3 .46 2 .45 0 .344 1 
04 .07 .06 1 . 34 1 . 9 1 . 74 0 .4 1 26 
1 2 .07 .06 1 . 1 1 1 .4 1  0 .80  0 . 336 
2 1 .08 .06 0 .89 1 .96 4 . 77 0 .526 1 
26 .08 .06 0 .69 0 .89 0 .92 0 .57 1 2  
04. 1 0 . 06 0 .65 1 .67 3 .24 0 . 3906 
22 . 1 0 . 06 0 .65 0 .79 0 .65 0 .57 1 8 
24 . 1 0 . 06 282 .63 287 . 76 7 1 .44 0 .85 1 7 
08. 1 1 . 06 3 .5  1 3 .35  26 .07 0. 354 1  
1 5 . 1 1 . 06 3 . 27 3 . 7 1  5 . 36 0. 8337 
1 7 . 1 1 . 06 2 . 3 1  2 .09 0 .63 0. 387 1 

S heep g razing a lso affected the total P concentrations .  For example,  the 

concentrations in a runoff event fol lowing sheep g raz ing increased sig nificantly 
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on 4th June 2006 ( 5 1 . 1 1  ± 1 .6 mg L- 1 and 56 . 9 1  ± 7 .35 mg L- 1 for OP and TP,  

respectively) compared with the previous event on  29th May 2006 (2 .05 ± 0 . 04 

mg L- 1 and 1 .42 ± 0 .41  mg L-1 for OP and TP , respectively) . Concentrat ions i n  

the subseq uent ru noff events dropped sharply but remained we l l  above the 

levels (0 .03 P mg L- 1 ) req u i red to prevent aquatic weed g rowth in  fresh water 

bod ies (Austral ia and New Zealand Envi ronment and Conservation Counc i l ,  

2000) . 

Cumulative losses of tota l P were not s ignificantly (P  > 0 . 05) d ifferent between 

treatments for the study period (Table 5 .6) .  The total losses from OP were 29 ± 

1 . 0 kg ha- 1 whi le losses from TP were 1 7  ± 5 . 1 kg ha- 1 . Seasona l  comparison 

between treatments revea led th at spr ing 2006 contributed the la rgest P losses 

of al l  seasons from both treatments . The spring 2006 losses from OP and TP 

were 54 % and 59  %,  respectively, bu t  values were not s ign ifica ntly d ifferent 

between treatments (Table 5.6) . Winter losses were 37 % and 33 % of the 

cumu lative P loads from OP and TP, respectively. The major  contribution to the 

spr ing 2006 losses was from the post P ferti l iser appl ication event on 24th 

October, whi le winter losses were g reatly accele rated by the post g razing event 

on 4th June 2006. The autumn contribution was 7 % and 6 % from OP and TP,  

respective ly .  However, major autumn losses were from the s imu lated ra i nfa l l  

event on  1 st Apri l  2006. Spring 2005 losses accou nted for about 2 % in  both 

treatments (Table 5.6) . 

Table 5 .6  Seasonal com parison for tota l P and DRP losses (kg ha- 1 ) in  surface 
runoff (mm) in open pasture (OP) and tree pasture (TP) treatments at 
Mogin ie ,  Ma nawatu . 

Tmt 

OP 

T P  

S E  

O P  

T P  

Sig . 

Spring-05 

total P D R P  

0.50 0.30 

0.25 0. 1 5  

0. 1 2  0. 1 0  

0.08 0.05 

0 . 1 460 0 . 1 830 

Autumn-06 

total P D R P  

1 .99 1 . 1 7  

1 .07 0. 59 

0.44 0 . 1 8  

0.32 0 . 1 6  

0 . 1 686 0 . 096 1 

Winter-06 

total P DRP 

1 0.93 1 .96 

5.58 1 .2 1  

0.85 0.49 

1 .4 1  0.26 

0.0703 0.2069 

Spring-06 

total P DRP 

1 5.59 2 . 79 

1 0 .02 1 .00 

0. 1 4  0.32 

3.64 0.39 

0 . 3670 0.0469 

Total 

Total P D R P  

29 6 . 2  

1 7  2 . 9  

1 .0 0.25 

5 . 1  0 .74 

0. 1 957 0.0433 
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Event-wise tota l P losses (kg ha-1 ) were not sign ificantly d ifferent ( P  > 0 .05)  

between treatments for each runoff event. However, loads were sig n ificantly 

d ifferent on 1 8th Apri l  2006 when OP had h igher losses compared with TP (0 .02 

± 0 . 003 kg ha-1 vs 0 . 003 ± 0 .00 1 4  kg ha-\ respectively. Such d ifferences we re 

not detected throughout the winter. However, in  spring 2006,  d ifferences were 

fou nd on 4th October and 8th November when OP again had hig her losses than 

TP (0 .08 ± 0 .0003 kg ha- 1 vs 0 .03 ± 0.009 kg ha-1 and 0 . 33 ± 0 . 048 kg ha- 1 vs 

0. 1 1  ± 0 .039 kg ha-1 ) ,  respectively. Al l other d ifferences between treatments for 

events in spr ing 2006 (F igu re 5. 1 2) rema ined non-s ign ificant (P > 0. 05) .  

However, repeated measures ana lysis revealed that losses were sig n ificantly 

h ig her (P = 0 . 0362) from OP than TP over the study period (Table 5 .7 ) .  

Table 5 .7  Least sq uare means of  total P and  DRP concentrations (mg L- 1 ) and 
losses (kg ha-1 ) i n  surface runoff (mm) ) in open pastu re (OP)  and 
tree �astu re {TP} treatments at Mogi n ie ,  Manawatu . 

Treatment 
total P DRP 

Conc. losses Conc. losses 

OP 1 9 .26 1 . 53 2 . 92 0 .33  
TP 20 . 52 0 .89 2 .25 0 . 1 5  

S E  

OP 1 . 30 0 .24 0.42 0 . 03 
TP 0 .94 0 . 1 7  0 . 30 0 . 02 

Sig . 0 .4352 0. 0362 0.206 1 < 0 . 0001  

like the concentrat ions, total loads were a lso  affected by g razing a nd P 

fert i l isation .  For example, the losses on 1 st Apri l  2006 sufficiently i ncreased as a 

resu lt of P ferti l iser app l ication ( 1 .67 ± 0.45 kg ha- 1 vs 0.87 ± 0.28 kg ha-1 ) 

compared with the previous event on 8th October 2005 (0 . 1 2  ± 0 . 05 kg ha- 1 vs 

0. 08 ± 0 . 03 kg ha-1 ) from OP and TP, respectively. S imi lar ly, losses were the 

hig hest of al l events due to P ferti l isation on 24th October 2006 ( 1 3 .93 ± 0. 1 3  kg 

ha-1 vs 9 .33  ± 2 .4 kg ha- 1 ) from OP and TP, respectively. The losses from these 

two events a lone accou nted for 54 % and 60 % of the total P losses from O P  

a n d  T P ,  respectively. 
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Total P losses were a lso affected by g razing . For example, loads on 4th June 

2006 i ncreased g reatly due to grazing  (8 .45 ± 0 . 39 kg ha-1 vs 3 . 93 ± 1 . 1 0  kg ha-
1 ) compared with the previous event on 29th May 2006 (0 .07 ± 0 . 02 kg ha-1 vs 

0 . 04 ± 0 . 032 kg ha- 1 ) from OP and TP, respectively .  Conversely, despite 

g razing , the losses on  8th November, 2006 were qu ite low (0 .33 ± 0 .04 kg ha-1 

vs 0 . 1 ± 0 . 03 kg ha-1 ) compared with the event on 4th June 2006. Surface runoff 

on 4th June 2006 was more ( 1 6 .6 ± 1 . 29  mm vs 6 .8  ± 1 .97 mm) than on 8th 

November, 2006 (9 . 5  ± 0 . 85 mm vs 1 .6 ± 0 . 97 mm) from OP and TP ,  

respectively .  
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Figure 5 . 1 2 Total phosphorus losses (kg ha-1 ) in su rface runoff (mm) in open pasture 
(OP) and tree pasture (TP) treatments at Mog inie,  Manawatu.  L ine bars 
show the SEM for each treatment.  * denotes sign ificance at P < 0 . 05 .  

The d ifferences in DRP concentrations between treatments were only 

s ign ificant (P = 0 . 0052) on 1 8th Apri l 2006 when OP had h igher values than TP 

( 1 . 1 4 ± 0 .06 mg L-1 vs 0 .4  ± 0 . 1 1  mg L-1 , respectively) . L ike tota l P ,  DRP 

concentrat ions were a lso affected by g razing and P ferti l isation . The fert i l iser 

appl ication (P = 45 kg ha-1 ) on 1 st April 2006 raised the concentrat ions (F igure 

5 . 1 3) marked ly (2 . 87 ± 0 . 67 mg L- 1 and 2 . 06 ± 0 .56 mg L-1 for OP and TP, 

respectively) compared with the previous event on 8th October 2005 (0 . 1 8  ± 
0 . 09 mg L-1 and 0 .41  ± 0 .05 mg L-1 for OP and TP, respectively) . S im i la rly, the 

app l ication of P ferti l iser (P = 50 kg ha-1 ) on 24th October 2006, ra ised the DRP 

concentrations to the highest of a l l  events (31 ± 2 . 8  mg L-1 and 1 8 .3  ± 6.3 mg L-1 

for OP and TP, respectively) . The h igher concentrations i n  the latter event were 

due to the app l ication of more fert i l iser per ha and less runoff. Also, the soi l  
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being at field capacity contributed to qu ick P d i l ut ion and its transfer to runoff 

water rather than  d ra inage whi le d u ring the s imulated rainfa l l  event on 1 st Apri l 

2006,  substantia l water was requ i red to saturate the soi l  and P losses were 

p robably more in d ra inage water than runoff. 

The g razing impact on DRP concentrations was a lso p ronounced in both 

treatments. The concentrations on 4th June 2006 i ncreased g reatly due to 

g razing (3 . 9 ± 0.7 mg L-1 and 4 . 8  ± 0.7 mg L-1 for OP and TP, respectively) 

compared with the previous event on 29th May 2006 ( 1 . 02 ± 0 . 07 mg L-1 and 

0 .49 ± 0 . 2  mg L-1 for OP and TP ,  respectively) . S im i lar ly, concentrations on 8th 

November 2006 were also reasonab ly h igh (2 .55 ± 0 .35  mg L-1 vs 2 .37  ± 0 . 6 1  

mg L-1 ) and rema i ned a lmost a t  the same level in subsequent events on 1 5th 

and 1 ih November 2006 (F igure 5 . 1 3) from OP and TP ,  respectively. 

There was a strong l i near relationship between total P concentrations a nd DRP 

i n  both treatments. However, the relationship i n  OP was stronger (F igu re 5 . 1 4) 

than TP (F igure 5 . 1 5) .  
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Figure 5 . 1 3  DRP concentrations (mg L-1 ) i n  surface runoff (mm) i n  open pasture (OP) 
and tree pasture (TP) treatments at Moginie , Manawatu . Line bars show 
the SEM for each treatment. * denotes sign ificance at P < 0 .05 .  
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Figure 5 . 1 4  Relationsh ip between total P and DRP concentrations (mg L-1 ) in surface 
runoff (mm) in open pasture (OP) treatment at Mogin ie ,  Manawatu . (n = 
38). 
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Figu re 5 . 1 5  Relat ionship between total P and DRP concentrations (mg L-1 ) i n  surface 
runoff (mm) in tree pasture (TP) treatment at Mog in ie ,  M anawatu . (n = 76) .  

The tota l cumulative DRP losses (Table 5 .6 ) were s ign ificantly g reater from OP 

than TP (6 .22 ± 0 .25 kg ha-1 vs 2 . 95 ± 0 .74 kg ha-1 ) and accounted for 21 % and 

17  % of tota l P losses, respectively (P  < 0 . 05) . Seasonal comparison showed 

that DRP losses were genera l ly in l ine with the tota l P losses (Table 5 .6) . For 

example, as expected , major losses occurred i n  winter and spring 2006 from 

both treatments _  Spring 2006 losses were s ign ificantly h ig her from OP (45 %) 

than TP ( 34 %) (P  = 0 .0469) .  Th is was expected because of s ign ificantly lower 

runoff from TP than OP for some events in  November 2006 ( F igu re 5 .5 ) .  Winter 

contribut ion was 3 1  % and 41  % of corresponding cumu lative DRP values from 
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OP and TP respectively ,  but losses were not s ign ificantly d ifferent between 

treatments . 

Many of the event-wise DRP losses i n  ru noff were sig n ificantly d ifferent 

between treatments (F igu re 5 . 1 6) .  Autu mn events on  1 8th Apri l  and 29th May 

2006 were sign ificantly d ifferent (F igure 5. 1 6) between t reatments (P  = < 

0 .000 1 , 0 . 0 1 46) .  I n  winter 2006, the losses were s imi lar  between treatments 

except on 1 ih June 2006 when OP had h igher losses (P = 0.0442) than TP 

(0 .41  ± 0 .02 kg ha-1 vs 0 . 1 5  ± 0 .05 kg h a-1 ) .  However, in  spring 2006, l osses 

were sig nificantly h igher from OP than TP for al l the runoff events except on 

24th October 2006 (F ig u re 5 . 1 6) .  

The P fert i l i sation and  g razing impact was substa ntia l  i n  both treatments. For 

example,  P ferti l isation on 1 st Apri l  2006 i ncreased the DRP losses substant ia l ly 

(0 .92 ± 0 . 1 9  kg ha- 1 and 0.48 ± 0 . 1 3  kg ha-1 for OP and TP,  respectively) . 

S im i larly the post fert i l isation losses on 24th October 2006 from OP and TP were 

the highest of al l  events ( 1 .53 ± 0 .08 kg ha-1 and 0 .58 ± 0 .32 kg ha-1 , 

respectively) . 

Sheep g razing also enha nced the DRP losses in both treatments. For example ,  

losses on 4th J u ne 2006 i ncreased as a result of g raz ing (0 .65 ± 0 . 1 6  kg ha-1 

and 0 .32 ± 0 .08 kg ha- 1 for OP and T P ,  respectively) compared with the 

p revious event on 29th May 2006 (0 .05 ± 0 .009 kg ha-1 a nd 0.009 ± 0 .005 kg ha-
1 for OP and TP) . S imi larly ,  losses on 8th November 2006 were also as a res ult 

of g razing and remained substantial i n  the subseq uent events on 1 5th and 1 ih 

November 2006 in both treatments (Fig ure 5 . 1 6 ) .  
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Figure 5 . 1 6  DRP losses (kg ha-1 ) in surface runoff (mm)  in open pasture (OP) and tree 
pasture (TP) treatments at Mogin ie ,  Manawatu .  L ine bars show the SEM for 
each treatment .  * denotes s ign ificance at P < 0.05 .  

5.3.7 N itrogen l osses i n  ru n off water 

The TN concentrat ions were s im i lar  to TKN for most of the events due to non

traceable N03--N concentrations (F igu re 5 . 1 7) .  General ly, TN increased in post 

g razing and fert i l iser events. For example ,  TN concentrations increased g reatly 

from OP and TP on 4th June 2006 as a resu lt of g razing ( 1 5 . 88 ± 0.63 mg L-1 vs 

1 8 . 04 ± 2 . 0  mg L-1 , respectively) compared with the p revious event on 29th May 

2006 (2 .29 ± 0 .2 1  mg L-1 vs 5 .96 ± 2 . 26 mg L-1 , respectively) . The grazing event 

on 8th November had a lesser impact on TN concentration as the increase i n  

concentration was relat ively low (3 .85 ± 0 .27 mg L-1 vs 7 .85 ± 2 .69 mg L-1 ) 

compared with the previous event on 24th November 2006 ( 1 .25 ± 0 .0 1  mg L-1 

vs 2 . 1 9  ± 0 . 52 mg L-1 ) .  Nevertheless, appl ication of urea fert i l iser on 1 ih 

November 2006 also i ncreased TN concentrat ion considerably (24 . 1 6  ± 5 . 4 1 

mg L-1 vs 9 .08 ± 3 .84 mg L-1 ) compared with the previous event on 1 5th 

November 2006 (2 .71 ± 0 . 2  mg L-1 vs 5 . 1 2  ± 1 . 07 mg L-1 ) from OP and TP ,  

respectively. However, the impact on OP was g reater than on TP (F igure 5 . 1 7) .  
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F igure 5. 1 7 TN concentrations (mg L-1 ) in surface runoff (mm) in open pasture (OP) and 
tree pasture (TP) treatments at Mog in ie ,  Manawatu . L ine bars show the 
SEM for each treatment. * denotes s ignificance at P < 0 .05.  

The cumu lative TN losses (table 5 . 8) over the study period were 1 5 .2 ± 0 .35 kg 

ha- 1 and 7.2 ± 1 . 54 kg h a-1 from OP and TP (P = 0 . 0267) , respective ly. The 

major  contri bution was from events after g razing and u rea ferti l iser appl ication . 

Seasonal  percentile breakdown showed that winter (54 % vs 60 %) and spring 

2006 (35 % vs 24 %) were the major contributors with sign ifica ntly h ig her losses 

from OP than TP respectively (Table 5 .8) .  The spri ng 2005 (6 % vs 9 %) and 

autu mn 2006 (5 % vs 8 %) losses were statist ical ly sim i la r  between treatments. 

The event-wise TN losses were overa l l  sig n ificant (Table 5 .9 )  between 

treatments (repeated measures analys is) for the study period (P < 0 .000 1 ) . 

However, TN losses were not s ign ificant for each of the events (F igu re 5 . 1 8) .  

For exam ple, OP had h igher TN losses on 29th May 2006 than TP (0 . 1 2  ± 0.02 

kg ha-1 vs 0 .04 ± 0 .0 1  kg ha-1 , P = 0 .0 1 7 1 ) , respectively. The losses increased 

in the subseq uent event on 4th J u ne 2006 as a result of g razing  and remained 

sig n ificant between OP and TP (2 .64 ± 0 . 3 1  kg ha-1 vs 1 . 1 3  ± 0 .24 kg ha- 1 , P = 

0 .02 1 8) ,  respectively. Thoug h total losses decreased over t ime the g razing 

effect remained persistent in  the subsequent events. Occasiona l ly ,  losses were 

sig n ifica ntly h ig her from OP than TP dur ing the study period (F igure 5 . 1 8) .  The 

losses increased as a result of u rea fert i l iser appl ication (N = 40 kg ha-1 ) on 1 ih 

November 2006 from OP and TP (3 .27 ± 1 . 0 1  kg ha-1 vs 0 . 76 ± 0 . 38 kg ha-1 , P = 

0.04 1 8) ,  respectively .  
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Table 5 . 8  Seasonal  comparison of tota l n itrogen (TN) ,  ammon ium-N (NH/-N )  
and nitrate-N (N03--N )  losses (kg ha-1 ) i n  surface runoff (mm) i n  open 
pasture (OP) and tree pasture (TP) treatments at 
Manawatu . 

Treatment S E  
Season 

Spr ing-05 

Autumn-06 

Winter-06 

S pring-06 

Total 

4.5 
4.0 

-;: 3.5 
� 3 0 
C 2 .5  
en � 2.0 
1l 1 .5 
� 1 .0  

0 .5 
0 0  

N utrient type 
OP 

TN 0 . 96 

NH/- N  NA 

N03--N NA 

TN 0 . 77 

N H/- N  NA 

N03--N NA 

TN 8. 1 3  

N H/- N  1 . 58 

N 03--N 0 . 33 

TN 5 . 33 

N H/-N 1 .47 

N 03--N 0 . 07 

TN 1 5 . 2  

N H/-N 3 . 0  

N03--N 0 . 4  

* 

* 

* 
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0 .4436 

NA 
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Figure 5 . 1 8 TN losses (kg ha-1 ) in surface runoff (mm) i n  open pasture (OP) and tree 
pasture (TP) treatments at Mogin ie ,  Manawatu .  Line bars show the SEM for 
each treatment. * denotes s ign ificance at P < 0.05.  
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The N H/-N concentrations i n  some of the surface runoff events were too low 

for accurate detect ion « 0 .25  mg L-1 ) and so the resu lts for such events are not 

presented . However, the detectab le concentrat ions were only s ign ificant 

between treatments (P = 0 . 0026) on 1 2th Ju ly 2006 when OP had a h igher 

mean concentration than TP (0 .28 ± 0 . 007 mg L-1 vs 0 . 26 ± 0 . 002 mg L-1 ) ,  

respectively (F igure 5 . 1 9) .  The repeated measures ana lyses showed (Table 

5 . 8) that concentrations remained non-sign ificant between treatments 

throughout the study period . 
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Figure 5 . 1 9  N H4 +-N concentrations (mg L-1 ) in surface runoff (mm) in open pasture 
(OP) and tree pasture (TP) treatments at Mog in ie,  Manawatu . L ine bars 
show the SEM for each treatment. * denotes s ign ificance at P < 0 .05.  

The g razing and urea fert i l isation impact was substantial in NH4 +-N 

concentrat ions i n  runoff from both OP  and TP. For example ,  the runoff event on 

4th June 2006 that occu rred soon after g razing ,  marked ly i ncreased the NH4 +-N 

concentrations (5 .3  ± 1 . 3 mg L-1 vs 7 . 5  ± 1 .2 mg L-1 ) compared with a l l  previous 

events « 0 .25 ,  results not shown) from OP and TP, respectively. However, 

there was a relat ively smal ler impact of g razing on 8th November 2006 when the 

concentration d id not i ncrease g reatly (0 .6 ± 0.3 mg L-1 and 0 . 7  ± 0.2 mg L-1 

from OP and TP respectively) compared with the p revious event on 4th October 

2006 (0 .3  ± 0 . 05 mg L-1 and 0 .37 ± 0 . 047 mg L-1 from OP and TP respectively) . 

S im i la rly, u rea fert i l isat ion (N  = 40 kg ha-1 ) had a g reater effect on  concentrat ion 

( 1 0 .05 ± 1 . 1 9  mg L-1 and 3 .7  ± 2 . 9 1  mg L-1 from OP and TP, respectively) 
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compared with the previous event on  1 5th November 2006 (0 .32 ± 0 . 05 mg L-1 

and  0 .46 ± 0 . 1 8  mg L-1 from OP and TP, respectively) (F igure 5 . 1 9) .  

The cumu lative NH/-N losses (Tab le 5 .8 )  were not s ign ificantly d ifferent (P = 
0 . 0596) between OP and TP (3 .0  ± 0 .46 kg ha-1 vs 1 .25 ± 0. 1 3  kg ha-1 ) ,  

respectively. Thus, cumulative NH4 + -N losses constituted 2 0  % and 1 7  % of TN 

losses from OP and TP, respectively .  Seasonal losses were restricted to winter 

a nd spr ing 2006 on ly (Table 5 .8 ) .  The winter and spring contribution was a lmost 

s imi lar  from OP (52 % vs 48 %) whi le winter losses were very h igh compared 

with spring (72 % vs 28 %) , respectively. 

The event-wise NH/-N losses (Fig u re 5 .20)  were s ign ificantly g reater i n  OP 

than TP (P = 0.0262) on 4th October 2006 (0 .04 ± 0 .007 kg ha-1 vs 0 .007 ± 
0 . 004 kg ha-1 , respectively) and 8th November 2006 (0 .05 ± 0 . 02 kg ha-1 vs 

0 . 005 ± 0 .001  kg ha-1 , P = 0 . 0257) . The repeated measures ana lyses revealed 

that tota l losses were s ign ificantly g reater from OP than TP (P = 0 .0005)  over 

the period of tr ial (Tab le 5 .9 )  

Event-wise total losses of N H/-N were affected by g razi ng and urea 

fert i l isation. For example, losses increased on 4th June 2006 from both OP and 

TP as a resu l t  of grazing (0 .9 ± 0.29 kg ha-1 vs 0 .46 ± 0. 1 kg ha-1 , respect ively) . 

N H/-N losses i ncreased marked ly from OP and TP due to urea fert i l isation on 

1 ih November 2006 ( 1 . 3  ± 0 .28 kg ha-1 vs 0 . 3  ± 0 . 24 kg ha-1 , respect ively) 

compared with losses in the p revious event on 1 5th November 2006 (0 . 055 ± 
0 . 0 1  kg ha-1 vs 0 . 027 ± 0 . 0 1  kg ha-1 , respectively) .  
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Figure 5 .20 NH/-N losses (kg ha-1 ) in surface runoff (mm)  in open pastu re (OP) and 
tree pasture (TP) treatments at  Mogin ie ,  Manawatu. L ine bars show the 
SEM for each treatment. * denotes s ign ificance at P < 0.05. 

Table 5 .9  Least sq uare means of concentrat ions (mg L-1 ) and losses (kg ha -1 ) 
of tota l n itrogen (TN ) ,  tota l kjeldah l  n itrogen (TKN) ,  ammonium-N 
(N H/-N)  a nd n itrate-N (N03--N)  i n  su rface runoff i n  open pastu re 
{� P} and tree �asture {TP} treatments at Mogin ie ,  Manawatu . 

TN TKN N H/-N N03--N 
Treatment 

cone loss cone loss cone loss cone loss 

O P  4 .69 0.80 4.58 0 . 78 1 .79 0.27 0 . 1 1 0. 02 

TP 5.66 0.38 5 . 3 1  0.37 1 .6 1  0. 1 1  0.35 0.01  

S E  

OP 0.62 0.05 0.54 0.05 0.37 0.03 0. 1 6  0.002 

TP 0.45 0. 03 0.39 0.03 0.26 0.02 0. 1 2  0.001 

Sig. 0 .21 5 <0.0001 0.2852 <0.0001 0.6887 0 .0005 0. 2439 0 .01 99 

N03--N concentrations for most of the events were a lso below trace level « 

0 .25 mg L- 1 ) and are not presented . Event-wise traceable val ues were not 

s ign ifica nt between treatments (P > 0 .05) for any of the runoff events (F igure 

5 . 2 1 ) .  The repeated measures ana lyses a lso showed non-sig nifica nce in  N03-

N concentrations between treatme nts (P  = 0. 2384) over the period of study 

(Table 5 . 9) .  The first traceable N03-- N concentrat ions were measu red on 4th 

J une 2006 when runoff occu rred after g razing and OP and TP had statistica l ly 

s imi lar  values (0 .255 ± 0 .005 mg L- 1 vs 0.64 ± 0.29 mg L- 1 ) ,  respectively .  

However, these values a re bel ieved to be as a res u lt of accidental aeria l  

broadcasting of  N fert i l iser (25 kg ha-1 ) on 25th May 2006 .  The concentrations 

i ncreased in the su bseq uent event on 1 ih J u ne 2006 i n  both OP and TP (0 .56 ± 

0 . 2  mg L-1 vs 3 . 32 ± 2 .36 mg L-1 ) ,  respectively. However, concentrat ions d id not 

i ncrease immed iately after urea fert i l iser appl ication i n  both treatments (F igure 

5 .2 1 ) . 
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Figure 5 .2 1  N03--N concentrations (mg L-1 ) in surface runoff (mm) in open pasture (OP) 
and tree pastu re (TP) treatments at  Mogin ie ,  Manawatu.  Line bars show 
the SEM for each treatment. * denotes s ign ifi cance at P < 0.05.  

The cumulative N03--N losses (Table 5 .8) for the study period were 0.41 ± 0. 1 

kg ha-1 vs 0.27 ± 0 . 04 kg ha-1 from OP and TP (P  = 0 . 1 850) ,  respectively. Thus 

N03--N constituted 2 .7  % a nd 3.6 % of the TN losses from OP and TP,  

respectively. Seasona l  losses were restricted to winter and spring 2006 (Table 

5.8) only. S imi lar  seasonal  trends were observed in both treatments . However, 

winter losses were s ign ificantly h ig her (82 % vs 78 %) than spring ( 1 8 % vs 22 

%) from OP and TP, respectively. 

The event-wise N03--N losses were only s ign ificant between treatments on 4th 

June 2006 and 8th November 2006 when OP had h igher val ues than TP (0 .045 

± 0.0042 kg ha-1 vs 0 .027 ± 0. 0025 kg ha-1 , P = 0 . 0225, respectively) and (0 .03 

± 0 . 003 kg ha-1 vs 0 .007 ± 0 . 002 kg ha-1 , P = 0 . 0039, respective ly) ( F igu re 

5.22) .  The repeated measures ana lyses revea led that losses were sign ificantly 

h igher from OP than TP over the study period (Tab le  5.9) .  
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Figure 5 .22 Total N03--N losses (kg ha-1 ) in surface runoff (mm) in open pasture (OP) 
and tree pasture (TP) treatments at Mogin ie ,  Manawatu . L ine bars show 
the SEM for each treatment. * denotes sign ifi cance at P < 0.05 .  

5.3 .8 S heep g razi n g  a n d  cam p i n g  beh av i o u r. 

Sheep grazing and cam ping behaviour was monitored du ring the course of the 

tria l .  The summer g raz ing in  m id-December 2005 lasted for one week. I t  was 

observed that sheep caused substantial damage to both wi l low and poplar trees 

in some of the plots . Branches were bent and broken from the main stem (P late 

5 . 3a) ,  and i n  a s ingle case the main stem of a wi l low was fou nd to be broken 

(Plate 5 . 3b) . These branches d id not recover and despite sprouting in the next 

spring could not be straig htened . Sheep g razed the OP p lots period ical ly duri ng  

the day  t ime but on  hot sunny days the  sheep preferred to  take shelter under 

the trees (P late 5 .4a) . The n ight camp ing was a lso u nder the trees. Th is  

preferred camping resu lted in  d isproport ionate accumulation of sheep excreta 

among TP p lots and between treatments . Air  d ried dung was col lected from a l l  

p lots t o  quantify the treatment d ifferences. The d u n g  accu mu lation was 

s ign ificantly g reater in TP than OP ( 1 .47 ± 0. 1 2  vs 0 . 55 ± 0.05 kg P lor\ 
respectively. 

For the early winter grazing , in  early June 2006 , dung was comparatively better 

d istri buted between plots. The day time g razing was relatively evenly d istri buted 

but day and n ig ht camping was sti l l  favoured in the TP plots . This was p robably 

d ue to some leaves sti l l  remai n ing on the trees ( P late 5 .4b) provid ing she lter to 

the ewes from dew and frost i n  the n ight .  As the soi l  was wet, dung was 

mashed agai nst the g round surface and isolated dung  parts were rarely 

ava i lab le .  This made it impossib le to col lect the du ng from p lots . A survey of 
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p lots revea led that tree plots had more dung and urine spots (though very 

variab le among plots) than OP (Plate 5 .5a ,  b ) .  This d isparity was later reflected 

i n  the nutrient losses from i nd ividua l  p lots as wel l .  Apparently, soi l  d isturbance 

was g reate r from OP than TP. As a resu lt of ra infa l l  it was observed that surface 

pond ing occurred i n  a l l  p lots but it was more severe in OP than TP. 

The spr ing g razing in early November 2006 also reflected somewhat s im i lar 

camping behav iou r to that in summer 2005 . However, tree damage and soi l  

d isturbance was m in imal , probably due to substant ia l  pasture cover and the 

sheep inc luded 50 % young lambs that could not substantia l ly harm trees . Also, 

the dung and urine spots were not as severe as i n  December 2005 and June 

2006. Season ,  number of ewes and pasture cover affected the g razi ng 

consequences in terms of physical damage to the soi l  and trees and its 

environmental outcome. 

Ca) 
Plate 5.3 

C b )  
(a )  Tree damage from summer sheep grazing .  B roken and bent branches 
a re vis ible in a tree pastu re (TP) plot. (b) Ma in  tree stem broken from 
summer sheep grazing in a tree pasture (TP) plot at Mog in ie ,  M anawatu .  
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C a )  Cb) 
Plate 5 .4 (a )  Day t ime sheep camping in  a tree pasture (TP) plot i n  summer at 

Mogin ie, Manawatu . (b) Early winter sheep grazing i n  a tree pasture (TP) 
plot at Mogin ie ,  Manawatu .  

(a) (b)  
Plate 5 .5 (a) A open pastu re (OP) plot after winter sheep graz ing . Dung and ur ine 

spots are not vis ib le at Mog i n ie,  M anawatu .  (b) A tree pasture (TP) p lot 
after winter sheep grazing . Dung and u rine spots are v is ible at Mog in ie ,  
Manawatu. 

5.3 .9  DRP concentrations in  soi l  water sam p les from s uction 
c u ps 

DRP concentrations In soi l water samples from suction cups were not 

s ign ificantly d ifferent between treatments th roughout the study period . At the 

start of the experiment, concentrations were qu ite low. For example, 

concentrat ions on 22nd September 2005 (when measured first) were low and 

s im i la r  from OP and TP (0 . 034 ± 0 . 007 mg L-1 and 0 . 032 ± 0. 005 mg L-1 , 

respectively) . Later on, the concentrat ions decreased even further and were at 

the lowest level of environmental concern (0 . 0 1  mg L-1 ) on 5th October 2006 

(F igure 5 .23) .  
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The P fert i l iser appl icat ion increased the DRP concentrations in dra inage water 

in both treatments. For example ,  on 1 st April 2006 DRP concentrat ions 

increased substantial ly from OP and TP (0 .97 ± 0 . 34 mg L- 1 and 1 . 3 1  ± 0.632 

mg L-1 , respectively) . The post-fert i l iser event on 24th October 2006 also 

showed some increase in DRP concentrations i n  soi l water samples but it was 

mai nly restricted to TP (F igure 5. 23) . The post-g raz ing event on 4th J une 2006 

d id not resu lt i n  any sign ificant increase i n  the DRP concentrations in  the soi l  

water samples (F igure 5 . 23) . Nevertheless , concentrations remai ned h igher 

than the req u i red level for aquatic weed growth i n  a l l  post-ferti l i ser and grazing 

events . The repeated measures analyses revea led that d ifferences I n  

concentrations were non-sig n ificant between treatments ( P  > 0 .05) .  
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Figure 5.23 DRP concentrat ions (mg L-1 ) in so i l  water samples taken from suction cups 
in open pasture (OP) and tree pasture (TP) treatments at Mog in ie ,  
Ma nawatu. Line bars show the SEM for each treatment .  

5.3 . 1 0  Nitrogen concentrations i n  s o i l  water s a m ples from 
s u ction c u ps 

The N H/-N concentrations remained below the detectable level throughout the 

study period except in the post-urea appl ication event on 1 ih November 2006, 

but concentrations were s imi lar  between O P  and TP (2 . 1  ± 0.28 mg L- 1 and 2 . 3  

± 0 . 37 m g  L- 1 , respectively) . N03--N concentrat ions were not detectable 

th roughout the study period . 
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5.4 Results (Riverside experi ment) 

5.4.1  Surface ru noff 

The cumulative surface runoff at R iverside Farm for the study period was s imi lar  

(P  = 0 . 8443) between OP and WP (28 .8  ± 1 . 30 mm and 3 1 .4 ± 1 . 94 mm, 

respectively) . Marked variab i l ity between ind iv idua l  p lots led to the non

s ign ificant d ifferences between treatments (CV = 39 %).  

During spr ing 2005 ,  d ifferences in  the q uantity of event-wise ru noff were a lso 

not sig n ificant between treatments. However, d u r ing summer, WP did not yield 

any ru noff but OP had ru noff on three occasions ( F igure 5.24) .  Due to very 

smal l  events on 22nd December 2005 and 1 0th February 2006, d ifferences we re 

not s ign ificant despite no runoff in WP but OP had sign ificantly h ig her (P  = 

0 . 0098) runoff on 4th January 2006 compared with WP (6 .8  ± 0 .05 mm and 0 . 00 

mm, respective ly) . 
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Figure 5 .24 Event-wise surface runoff (mm) i n  open pasture (OP) and tree pasture 
(WP) treatments at Riverside Farm, Masterton .  L ine bars show the SEM for 
each treatment. * denotes sign ifi cance at P < 0.05 .  

During winter 2006,  variab i l ity in  WP plots were unexpected ly h igh and ru noff 

data were not matched with ra infa l l .  Despite remed ial  measures, the ru noff i n  

WP could not be reconci led with ra i nfa l l .  This ind icated that WP plots were 

receiving subsurface water from the h i l ly terra i n  beh ind them. Water was 

mov ing from the h i l ls and coming to the surface i nside the plots thereby 
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contributing the add itional  runoff that surpassed the actual ra i nfal l  tota l .  

Therefore ,  winter data could not be mea ni ngfu l ly interpreted and measurements 

were ceased . 

5.4.2 Sed iment load in  s u rface ru n off 

The TSS concentrations were h ig hest on 8th October 2005 (F ig u re 5.25) when 

OP had sig n ificantly h igher val ues (P = 0. 0299) than WP ( 1 1 7  ± 9 mg L- 1 vs 

6 1 .5  ± 3.7 mg L- 1 , respectively) . However, in the last two events on 22nd 

December 2005 and 4th January 2006 , WP d id not yield any sed iment but 

sig n ifica ntly h igher values were recorded from OP ( 1 08 ± 1 2 . 9  mg L- 1 , P = 

0 . 0 1 4 1  and 58 ± 8 .4 ,  P = 0 .0202 ,  respectively) . 
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Figure 5 .25Tota l suspended so l ids (TSS) concentrations (mg L-1 ) i n  surface runoff in 
open pasture (OP) and tree pastu re (WP) treatments at Riverside Farm , 
Masterton. L ine bars show the SEM for each treatment. * denotes 
sign ificance at P < 0 .05 .  

The repeated measures analysis revealed that TSS con centrat ions were 

s ign ifica ntly h igher from OP than WP (Table 5 . 1 0) over the study period (P 

<0 .000 1 ) . Simi larly,  ISS and ass concentrations were a lso s ign ificantly h igher 

(P = 0. 0004) from OP than WP over the study period (Table 5 . 1 0 ) .  

The total cumulative TSS losses were s imi lar  ( P  = 0 .61 75)  between OP and WP 

( 1 4 . 1  ± 0.9 kg ha- 1 and 1 5 .8  ± 2 .8  kg ha-1 , respectively) . The tota l cumulative 

ISS losses were also simi lar (P = 0 . 1 863) between OP and WP ( 1 0 .2  ± 0 .2 1 kg 

ha-1 and 1 2 .39 ± 1 . 07 kg ha-1 , respectively) whi le the ass contributions (P  = 

0 .8425) were on ly 3 .9  ± 0.77 kg ha-1 and 3.47 ± 1 . 73 kg ha-1 , respect ively) . 

1 87 



Chapter 5 

Therefore , ISS contributions were about 72 % and 78 % whi le OSS constituted 

28 % and 22 % of TSS losses from OP and WP, respectively . 

Table 5 . 1 0  Least squares means for suspended sol ids concentrations (mg L-1 ) 
and losses (kg ha-1 ) i n  surface runoff (mm) in open pasture (OP) and 
wi l low pasture (WP) treatments at Riverside Farm near Masterton ,  
Wairara�a . 

Treatment TSS ISS OSS 
conc losses cone losses conc losses 

OP 81 . 77 3 . 53 59 .97 2 . 56 2 1 . 8  0 .97 
WP 30 . 1 6  3 .96 23 .84 3 . 1 0  6 . 3 1  0 . 86 

SEM 4 . 1 5  0 .39 4 .47 0 .2079 1 . 86 0 .27 

Sign ificance <0. 0001 0 .46 1 2  0 . 0004 0 . 1 0 1 6  0 . 0004 0 .7829 

The event-wise losses for TSS (F igure 5 . 26) were s im i lar between treatments 

except on 22nd December 2006 when OP had s ign ificantly h igher losses (P = 
0 .0 1 98) compared with WP (0 .97 ± 0 . 1 3  kg ha- 1 and 0 . 00 kg ha-1 , respectively) . 

The repeated measures ana lysis revealed that TSS losses rema ined sim i lar (P  

= 0 .46 1 2) between treatments over the t ime of study (Tab le 5 . 1 0) .  Simi lar to 

TSS, the event-wise ISS and OSS losses were also stat ist ica l ly s im i lar  

( repeated measures ana lyses) between OP and WP (P  = 0 . 1 0 1 6 ,  P = 0.7829) ,  

respectively (Table 5 . 1 0) .  
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Figure 5 .26Total suspended sol ids (T88) losses (kg ha-1 ) in surface runoff (mm)  in  
open pasture (OP) and tree pasture (WP) treatments at  Riverside Farm, 
near M asterton ,  Wai ra rapa. L ine bars show the 8EM for each treatment. * 

denotes s ign ificance at P < 0 .05.  

1 88 



C hapter 5 

5.4.3  Phos p h orus losses i n  ru noff water 

Event-wise total P concentrations (F igure 5.27)  were s imi lar between 

treatments except on 4th January 2006 when OP had s ign ificantly h igher values 

(P =0 .0429) than WP (2 . 7 1  ± 0 .58 mg L-1 and 0 . 00 mg L-\ respect ively) . 

Although concentrations from OP were at their h ighest on 22nd December 2005 

and there was a zero concentrat ion in WP due to no su rface runoff (3 .98 ± 2 . 1  

mg L-1 and 0 .00 mg L-\ the d ifference i n  values between treatments was non

s ign ificant d ue to marked variab i l ity from OP plots (CV = 1 06 %). 
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Figure 5 .27 Total P concentrat ions (mg L-1 )  in surface runoff (mm) i n  open pasture (OP) 
and tree pasture (WP) treatments at  R iverside Farm , near Masterton ,  
Wairarapa. L ine bars show the SEM for each treatment.  * denotes 
s ign ificance at P < 0.05 .  

Such variab i l ity was probab ly as a result of  d ifferential dung deposition i n  

i nd iv idua l  OP  plots. However, repeated measures analysis revea led that tota l P 

concentrat ions were s ign ificantly g reater (P = 0 .0282) from OP than WP over 

the study period (Table 5 . 1 1 ) .  

The cumu lative total P losses were s im i l a r  between OP and WP (0 .27 ± 0 . 06 kg 

ha-1 and 0 . 1 0  ± 0 .05 kg ha- 1 , respect ively) . Event-wise losses of P from 

treatments were also not s ign ificant (P > 0. 05) for a l l  the events (F igure 5 .28) .  

The h ighest losses from OP were recorded on 4th January 2006 and despite no 

losses in WP , the values were not s ign ificantly d ifferent between treatments due 

to marked var iab i l ity in the i nd iv idua l  OP plots (0 . 1 8  ± 0 . 06 kg ha-1 vs 0 .00 kg 

ha-\ However, repeated measures ana lysis showed that total P losses were 

s ign ificantly h igher  (P = 0 .0 1 99) from OP  than WP, respectively (Tab le 5 . 1 1 ) . 
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Table 5. 1 1  Least sq uares means for tota l P and D R P  concentrat ions (mg L-1 ) 
and losses (kg ha- 1 ) i n  surface runoff (mm) in  open pastu re (OP) and 
wi l low pasture (WP) treatments at Rivers ide Farm near Masterton ,  
Wairarapa . 

Treatment TP DRP 
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Figure 5 .28Total P losses (kg ha- 1 ) in  surface runoff (mm) in open pasture (OP) and 
tree pasture (WP) treatments at  Riverside Farm , near  M asterton, 
Wa irarapa. Line bars show the SEM for each treatment. 

The event-wise DRP concentrat ions (Fig ure 5 .29) were s ign ificantly d ifferent (P 

= 0 . 0069) between treatments on 4th January 2006 when OP had h igher va lues 

than WP (0 . 1 2  ± 0 .01  mg L- 1 and 0.00 mg L-
1

, respectively) . Like the tota l P ,  

DRP mean concentrations from OP were at  the i r  h ighest on 22nd December 

2005 a nd were zero in  WP (0.25 ± 0 . 1  mg L-
1 vs 0 .00 mg L-1 ) ,  but d ifferences 

were not s ign ificant (P = 0 .2623) d ue to marked variab i l ity from OP p lots (CV = 

1 29 %) .  The repeated measures analysis a lso showed non-sign ificant 
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differences (Table 5. 1 1 ) i n  DRP concentrat ions between treatments ( P  = 

0. 1 245) .  
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Figure 5 .29 DRP concentrations (mg L,1 ) i n  surface runoff in open pasture (OP) and 
tree pasture (WP) treatments at Rivers ide Farm ,  near Masterton ,  
Wai rarapa. L i ne  bars show the SEM for each treatment. * denotes 
significance at P < 0 .05 .  

The cumu lative DRP losses were statistical ly s im i lar  (P = 0.8075) between O P  

a nd WP (0 .035 ± 0 . 009 kg h a,1 and 0.037 ± 0 .0 1 4  kg ha,1 , respectively) . 

Therefore, the DRP contribution to total P losses was 1 3  % and 37 % from O P  

a n d  T P ,  respectively .  The event-wise losses were s imi lar  (F igure 5. 30) between 

treatments except on 4th January 2006 when OP had h igher losses (P = 0 . 0003) 

than WP (0 . 008 ± 0.001 kg ha,1 and 0 .00 kg ha, 1 , respectively) . The t ime series 

ana lys is  ( repeated meas u res) also showed non-sig n ificant d ifferences (Tab le 

5 . 1 1 ) between treatments ( P  = 0. 8748) .  
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Figure 5 .30 DRP losses (kg ha,1 ) in surface ru noff in surface runoff (mm) in open 
pasture (OP) and tree pasture (WP) treatments at Riverside Farm , near 
Masterton ,  Wa irarapa.  Line bars show the SEM for each treatment. * 

denotes sign ificance at P < 0 . 05 .  
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5.4.4 N itrogen losses i n  ru n off wate r 

Since N03--N concentrations were not detectable throug hout the study period , 

TKN values a re prese nted as TN ( F igure 5 . 3 1 ) .  Event wise TN concentrat ions 

were not s ign ificantly d ifferent between treatments except on 8th October 2005 

when OP TN concentration was sig n ifica ntly h igher  (P = 0 . 0374) tha n  WP (4 .58  

± 0 .41  mg L-1 and  2 .5  ± 0 .001  mg L-1 , respectively) . L ike tota l P and  DRP 

concentrat ions,  mean TN concentration  from OP was a lso h ighest on  22nd 

December 2005 but large variab i l ity i n  the ind ividua l  OP plots (CV = 1 05 %) led 

to non-sign ificant d ifferences between OP a nd WP (40 .63  ± 2 1 .45 mg L-1 a nd 

0 .00 mg L- 1 , respectively ) .  The repeated measures ana lysis a lso confi rmed non

s ign ificance of TN concentrations between treatments over the study period 

(Table 5. 1 2 , P = 0. 2393) . 
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Figure 5 .3 1  TN concentrations (mg L- 1 ) in surface runoff (mm)  i n  open pasture (OP) and 
tree pasture (WP) treatments at Riverside Farm , near Masterton , 
Wa irarapa. Line bars show the SEM for each treatment. * denotes 
sign ificance at P < 0. 05 . 

The cumulative TN losses over the study period were s imi lar  (P = 0 .7532) for 

OP a nd WP ( 1 .23  ± 0 .07 kg ha- 1 a nd 1 . 07 ± 0 .47 kg ha-1 , respect ively) . The 

event-wise losses were only sign ificantly d ifferent between treatments on 4th 

January 2006 (P = 0 .0377) when OP had h igher  losses than WP (0 . 1 5  ± 0 .02 kg 

ha-1 and 0 .00 kg ha-1 , respect ively) . 
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Figure 5 . 32 TN losses (kg ha-1 ) i n  surface runoff i n  open pasture (OP) and tree pasture 
(WP) treatments at Riverside Farm , near Masterton ,  Wai rarapa.  L ine bars 
show the SEM for each treatment. * denotes s ignificance at P < 0.05 .  

The losses on 3rd October 2005 (0.28 ± 0 .06 a nd 0.48 ± 0. 26) and 21 st October 

2005 (0 .32 ± 0. 1 3  a nd 0.28 ± 0. 1 4) were among the major contributors of a l l  the 

events from OP and WP ( F igu re 5 . 32) ,  respectively. 

Repeated measures ana lysis revea led that d ifferences in  TN losses were non

sig n ificant over time between treatments (Table 5. 1 2 , P = 0. 1 988) .  

Table 5. 1 2  Least sq uares means for tota l n itrogen (TN) and ammon iu m-N 
( N H/ -N) concentrations (mg L- 1 )  and losses (kg ha-1 ) in surface 
runoff (mm) in open pasture (OP) and wil low pasture (WP) 
treatments at R iverside Farm near Masterton ,  Wai rarapa . 

Treatment TN N H/-N 

OP 
WP 

SEM 

Significance 

conc losses conc losses 

1 1 . 1 2  
4 . 95 

3 .49 

0 .2393 

0 .250 
0 . 2 1 6  

0 .051  

0 .648 1 

1 . 02 
1 . 93 

0 .68 

0 . 3837 

0 .043 
0 .060 

0 .023 

0.6270 

The N H/-N concentrations were only detectable for three events over the study 

period ( F igure 5 . 33) .  The event-wise concentrations were sign ificant between 

treatments (P = 0 . 0 1 1 1 ) on 8th October 2005 when OP had h igher val ue than 

WP (0 .5 ± 0.025 mg L-1 and 0 .26 ± 0. 005 mg L- 1 , respectively) .  
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Figure 5 . 33 NH/ -N concentrations (mg L-1 ) i n  surface runoff (mm) in ope n  pasture (OP) 
and tree pasture (WP) treatments at Riverside Farm, near Masterton ,  
Wai rarapa. L ine bars show the S E M  for each treatment. * denotes 
sign ificance at P < 0 . 05.  

The h ighest concentrations were on 3rd October 2005 from OP and WP ( 1 . 98 ± 
0 .35  mg L-1 and 5 .53  ± 2 .88 mg L-1 , respectively) . The repeated measures 

analysis showed that d ifferences i n  concentrations between treatments were 

non-s ign ificant over time (Table 5 . 1 2 , P = 0 . 3837) .  

The cumu lative NH/-N losses were s imi lar between OP and WP (0. 1 33 ± 0 . 045 

kg ha-1 and 0. 1 82 ± 0. 098 kg ha-1 , respectively) . The event-wise d ifferences in 

losses between treatments (F igure 5 .34) were s ign ificantly d ifferent (P  = 

0 _0267) on 22nd December 2005 when OP had a h igher value than WP (0 . 005 ± 
0_ 0008 kg ha-1 and 0 .00 kg ha-1 , respectively) . The repeated measures ana lysis 

revea led that losses were not s ig n ificant over the t ime of study between 

treatments (Table 5. 1 2 ,  P = 0 .6270) . 
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Figure 5 .34 N H/-N losses (kg ha- 1 ) in su rface runoff (mm)  i n  open pasture (OP) and 
tree pasture (WP) treatments at R iverside Farm , near Masterton ,  
Wa irarapa. L ine bars show the SEM for each treatment. * denotes 
significance at P < 0 .05.  
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5.5 Discussion 

5.4 .1  Effect of  trees on s o i l  moistu re, ru n off and sed i ment 

At the Mog in ie experimental site the wi l low and poplar trees i ncreased the soi l  

moisture deficit i n  the top 0-1 50 mm soi l depth during summer and autumn 

months .  There was also a trend for soi l  moisture to be lower i n  the deeper soi l  

depths i n  TP than OP. The variab i l ity i n  so i l  mo isture in the lower soi l  depths 

was more obvious i n  TP tha n  OP. Such variab i l ity in  the tree treatment was 

probably a result of the d ifferential rooting systems of wi l low and poplar . The 

root ing ab i l ity and root development of trees are under strong genetic control 

(Stokes et a l . ,  1 997) . Wil low genera l ly have a mat- l ike fibrous root ing system 

concentrated near the soi l  surface whi le poplar have rope l ike roots (Wi lk inson ,  

1 999) that may penetrate deeper than fibrous roots . The horizontal and  vert ical 

g rowth and d istribution of fi ne roots a lso d iffer between tree species (Jonsson et 

a I . , 1 988 ;  Nambiar, 1 983) .  

The soi l  moisture deficit created through evapotransp i ration a long with ra i nfal l  

i nterception i n  a si lvopastora l system i nvolving fast g rowi ng trees such as wi l low 

and poplar can affect the surface runoff. Being smal l  trees ( 3-4 yrs ) ,  wi l low and 

poplar in th is particu lar experiment (Mog in ie) were not very effective at 

amel iorat ing the quantities of runoff in  big storms such as on 5th October 2005 

and 22nd October 2006 but their effect on runoff was more pronounced in some 

of the smal ler events. At Riverside Farm, coppice wi l l ow were also not effective 

in reducing runoff in spring due to their smal l size. At Mog in ie, winter 2006 

yielded s ign ificantly greater (4 1 .6 % vs 4 1 .6 %) runoff compared with spri ng 

2 006 (26 . 7  % vs 22.2 %) in both OP and TP. This was p robably due to lack of 

vegetative cover and more frequent ra infa l l  events i n  wi nter than spr ing (9 vs 5 ,  

respectively) capable of i n it iati ng runoff. The winter runoff as a proportion of 

rainfa l l  was h igher from OP (48 %) than TP (26 %) . Qu inn  & Stroud (2002) also 

reported that surface runoff from pasture as a proport ion of ra infa l l  was h ighest 

i n  winter (78 %) fol lowed by spr ing (47 %) .  The very h igh p roportion of runoff in 

Quinn & Stroud's (2002) study was due to d ifferent topography of the area 

where slope varied from steep (>30°) to h i l ly ( 1 7-20°) . 
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I n  the current study,  trees were more effective i n  red ucing ru noff as  they aged . 

For example, i n  spring 2006 , the s ign ificant d ifferences i n  ru noff between TP 

a nd OP were more obvious than spri ng 2005.  Previous stud ies of su rface ru noff 

u nder trees have shown that trees can be effective at red ucing ru noff from a 

very you ng age. For example,  Va n et a l . ,  ( 1 980) stud ied the effect of 

afforestation on streamflow i n  South Africa and repo rted that Eucalyptus grandis 

exerted an observable infl uence from the th ird year after p lant ing , with a 

maximum apparent reduction in  flow, expressed as rai nfa l l  equ iva lent, of 

between 300 and 380 mm y(1 . The seasona l  effect was greatest i n  summer 

with maximum red uction of 200-260 mm y(1 and 1 00- 1 30 mm y(1 in wi nter. 

S imi larly ,  Bosch & Hewlett ( 1 982) in their review of 94 catchments experi ments 

showed that Pine and Euca lypt forest types cause on average 40 mm and 

decid uous hardwood 25 mm change i n  water yield per 1 0  % change in cove r. 

Although soi l  moisture data show that trees in  the current  experiment could 

have been more effective i n  summer than any other season ,  suffic ient ra i nfa l l  is 

rare to in itiate runoff from flatter slopes i n  summer in the North Is land ,  New 

Zealand . Descheemaeker et a l . ,  (2006) reported a pos itive correlation between 

the runoff generating ra infa l l  th reshold and vegetative cover, and at 65 % 

vegetative cover ,  ru noff cou ld be neg l ig ib le .  This was true for the R ivers ide s ite 

in  the summer of 2005-06 when WP d id not yield any runoff on th ree occasions 

due to vegetative cover as grass was not removed after September 2005 and 

a lso wi l low were not grazed at a l l .  

The cumulative TSS losses over the study period at Mog i nie were s ig n ificantly 

g reater (P = 0 .0 1 58) from OP than TP (442 . 5  ± 67.2 kg ha- 1 and 2 1 2 . 1  ± 27 .9  kg 

ha- 1 , respectively) but copp ice wi l low, due to the i r  smal l  size, had TSS losses 

s imi lar  to OP at Riverside Farm.  Su bstantial vegetative cove r is thought to be 

the best trap for sed iment i n  the event of ra infa l l  capable of in it iating runoff. 

Qu inn  & Stroud (2002) reported 988 kg ha-1 y(1 of SS from a pasture catchment 

wh i le losses from native forest were 320 kg ha-1 y(1 in New Zealand . Arifeen & 

Chaudhry ( 1 998) also reported g reater sed iment losses from a rangeland sub

catchment compared with forestry su b-catchment ( 340 kg ha-1 a nd 1 58 kg ha- 1 

respectively) situated i n  a moist temperate area i n  Pakistan .  However, losses 
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vary depend ing on slope and the type and degree of vegetative cover. For 

example ,  Bart ley et a l . ,  (2006) reported 60 t imes more sed iment loss from 

h i l ls lopes with bare patches compared with s lopes having relatively h ig h  mean 

vegetative cover in Austra l ia .  

Investigations i nto the effect of ind ividua l  plan ts (shrubs) of  d ifferent species on  

runoff and soi l erosion a lso revealed prom is ing res u lts with d ifferential effects 

depend ing on type of species and other morpholog ical characteristics such as 

canopy s ize and crown shape .  For example,  Bochet et a l . ,  (2006) compared 

Rosmarinus, Stipa and AnthylJis canopies in east Spain and reported that 

cumu lative soi l  loss was reduced by 94 . 3  %, 88 .0  % and 30.2 % ,  and 

cumulative ru noff vo lume was red uced by 66.4  %, 50 . 8  % and 1 8 .4 % under the 

Rosmarinus, Stipa and Anthyl/is canopies, respectively, compared with a bare 

surface. Experimenta l stud ies on riparian buffers have a lso shown the effect of 

vegetative cover on ru noff and sediment red uct ion .  Schoonover et a l . , (2006) 

studied the filtering capabi l ity of giant cane (Arundinaria gigantea) and forest 

r iparian buffers in southern I l l i no is ,  USA. Resu lts showed 86 % sed iment 

red uction over 6.6 m of forest buffer wh i le reduction by g iant cane was even 

higher (94 % over 3 . 3  m) .  

5.4.2 Effect of g razi n g  on sed i ment and n utrient losses 

At Mog in ie experimenta l s ite , winter g razing i ncreased TSS concentrations i n  

runoff from both OP and TP treatments compared with pre-g razing runoff event .  

The comparative increase in  concentrations was g reater from OP than TP (TSS 

= 368 ± 60 .38 mg L-1 and 208 ± 1 8 . 1 7  mg L-1 , respectively) when compared 

with pre g razing con centrations on 1 6th Apr i l  2006 ( 1 4 . 5  ± 1 0 . 3  mg L- 1 vs 1 0  ± 

0.68 mg L-1 , respectively) . The resu lts are supported by El l iot & Ca rlson (2004) 

who reported a concentration of 394 mg L- 1 of SS i n  a post-winter g razing  

event compared with a p re-grazing event con centrat ion of 30 . 5  mg  L-1 from 

pastora l land i n  New Zea land . Smith ( 1 987) has shown a strong inverse 

re lat ionsh ip  between sed iment loss and grass length for a sheep g razed 

pastu re in  Waikato, suggesting that g razi ng w i l l  i ncrease the concentration of 

contaminants in runoff due to removal of g rass . Other stud ies of the effects of 

cattle and sheep grazing and tread ing on soi l  physical and chemica l  properties 
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in  New Zea land also suggest that sed iment load may i ncrease as a resu lt of 

g razi ng .  For example,  Sheath and Carlson ( 1 998) reported that soi l  surface 

damage (so i l  d isturbance and pudd l ing)  was g reatest on an imal tracks and 

camping locations (cattle and sheep) . Apart from puddl ing and soi l  d isturba nce, 

g razing resu lts in p lant d isruption ,  bur ia l  of leaves and red uction in  t i l ler  

n umbers and vigou r ( Edmond , 1 962) that may lead to i ncreased runoff and 

sed iment loss,  especia l ly i n  winter. 

Ng uyen et a I . , ( 1 998) have a lso reported increased SS concentrations as a 

resu lt of cattle tread ing but losses were h igher i n  steep i nter-track p lots (8 1 4  ± 

1 62 . 8  g m-3) than easy contoured p lots ( 356 ± 45 .5  g m-3) .  S imi lar ly ,  Adams & 

E l l iott (2006) using s imulated ra infa ll experiments showed that the mass of 

suspended sed iment increased as a resu lt of g razing d ue to d i rect ra i nd rop 

effect i nstead of over land flow detachment. Therefore , the authors advised that 

g razing cattle or sheep on steeply s loping h i l l  country paddocks, especia l l y  in  

winter, shou ld be careful ly managed to l imit  the transport of  sed iment i nto 

watercourses. 

The g reater SS losses in the post-winter grazing event on 4th J une 2006 from 

OP than TP suggested that the soi l  i n  OP was subjected to more severe 

d istu rba nce than TP . It appears that tree roots co ntribute to i ncreased infiltrat ion 

and decreased soil compaction by help ing to bear the weight of sheep. Also, the 

s ign ifica ntly h ig her so i l  moisture status in  OP than TP in the upper 0-1 50 mm 

soi l  depth as measured on 31 st May 2006 may have contr ibuted to increased 

runoff and sed iment loss from OP than TP .  Carrol et a l . ,  (2004) from the U K , 

reported up to 60 times higher infi ltration rates i n  areas planted with trees than 

in  adjacent g razed pastures and sig n ificant d ifferences were a lso observed for 

soi l  moisture.  Bochet et a I . , (2006) reported that ra i nfa l l  i ntens ity and soi l  water 

status  p rior to rainfa l l  strongly i nfluenced runoff and so i l  loss rates . S im i lar 

fi nd ings have been reported by Meyles et aI . ,  (2003) with regard to the 

re lationsh ip of soi l  moisture to ru noff in the Nethe rlands. 

The impact of sheep g razing on  SS losses in  ru noff persisted over the winter 

but red uced with time so that sed iment losses i n  spr ing from both OP and TP 

were min ima l .  This was expected because plots were not grazed from the J u ne 
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2006 event u nt i l  early November 2006 and pastu re g rowth prov ided a good 

g round cover agai nst the rainfa l l  impact. Sheath & Carlson ( 1 998) also reported 

that evidence of in it ia l impact of winter g razing on SS loss i n  surface runoff 

d isappeared over the spr ing and th is  process was more rapid in  sheep grazed 

paddocks than da i ry cattle . 

N utrients concentrations a nd total losses i n  surface runoff from both O P  and TP 

increased as a result of sheep g razin g .  Winter grazi ng had a g reater effect than 

spr ing g razi ng .  The post-winter grazing concentrations for total P (51 . 1 1  ± 1 . 6 

mg L-1 vs 56 . 9 1  ± 7 .35 mg L-1 ) and TN ( 1 5 .88  ± 0 .63  mg L-1 vs 1 8 .04 ± 2 mg L-1 ) 
were substant ia l ly h igher than the post-spring grazing total P (3 .5  ± 0 . 1 5  mg L-1 

vs 1 3 . 35 ± 6 .25 mg L-1 ) and TN (3 .85 ± 0 .27 mg L-1 vs 7 .85  ± 2 .69 mg L-1 ) from 

O P  a nd TP ,  respectively.  Th is was partly d ue to removal a nd red uced reg rowth 

of pasture i n  winter. Also, spring g razing was not hard and with sheep 

consuming less than 50 % of the grass contributed to the min imal  movement of 

sed iment and nutrients . Previous stud ies have shown that hard g razing 

i ncreases the l i kel ihood of h ig h concentrations of n utr ients in runoff ( McCol l  & 

Gibson, 1 979) and drai nage (H oulbrooke et a I . ,  2004) .  Trees were not effective 

in reducing tota l P losses in post-grazing events in wi nter  and spring ,  pa rtly due 

to preferred camping u nder trees . However, DRP losses were s ign ificantly 

smal ler in the post-grazing  event in spring . The TN losses were sig n ificantly 

smal ler in  both winter and spring post-g razing  events . 

Q u i n n  & Stroud (2002) suggested that measures to control P loss need to focus 

on land management act ivities such as tree p lant ing to control e ros ion .  They 

reported minor  DRP contri bution (9- 1 9 %) to the tota l P export from pastu re and 

m ixed land-use catchments at Whatawhata wh i le  the DRP contribut ion was a 

m uch h igher (63 %) component of the tota l P from Toenepi pasture catchment, 

the latter being treated with da i ry shed treatment systems that represented a 

point source with less eros ion . The Whatawhata site was steeper than Toenepi 

and P export was mai nly in  the form of part iculate P .  

The immed iate post g razing N H/-N concentrat ions at Mog in ie  tended to be 

h igher  than N 03--N . For example ,  N H/-N concentrations on 4th January 2006 

( 5 . 32 ± 1 . 34 mg L-1 vs 7.52 ± 1 . 22 mg L-1 ) were hig her than N03--N (0 .25 ± 0 . 005 
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mg L-1 vs 0 .64 ± 0.29 mg L-1 ) from O P  and TP,  respectively.  Although the same 

was true for the spring post-grazing runoff event on 8th N ovember 2006 from 

OP,  N03--N concentrations su rpassed N H/-N in  TP.  The differen ces could be 

attrib uted to d ifferential u rine spots from OP a nd TP that p rod uced more N03--N 

over t ime in  TP than N H4 + -N due to n i trificat ion of ammon ium .  The resu lts were 

in  l i ne  with the find ings of Smith & Monaghan (2003) who reported that losses of 

NH/ -N i n  post-grazing surface runoff were g reater tha n  N03--N wh ich was 

attrib utable to g razing pressure creat ing soi l  treadi ng damage du r ing moist soi l  

cond itions .  Houlbrooke et al . ,  (2004) a lso reported a s imi lar  trend for a da i ry 

cattle grazing tr ial in  Manawatu , North Is land,  New Zeala nd .  S im i larly, McCo1 1  & 

Gibson ( 1 979) reported that post g razing N03--N concentrations pea ked after 

about two weeks when TKN concentrations decl i ned from peak, s uggesting that 

N03--N concentrations probably depended on n itrification of ammonium from 

dung and u rine .  

5.4.3 S heep cam p i ng behav i o u r  a n d  d u ng d istri bution 

I n  the p resent study, it was observed that sheep tend to camp under trees,  

especia l ly on  hot su nny days and resu lted in  sig nificant deposition of dung and 

urine under wi l low and poplar t rees . Th is ra ises a serious q uestion about the 

role of trees to mit igate envi ronmenta l pol lut ion in  s i lvopastoral systems. 

Although total amount of sheep excreta wi l l  not i ncrease o n  a fa rm basis but its 

d istri but ion is of concern because the n utrients from the d u ng and u ri ne may not 

be ut i l ised efficiently a nd most of them may end up in  rivers and streams before 

their consumption by trees and pastu re p lants .  The other importa nt 

consideration  is  that w i l low and poplar become leafless i n  wi nter and the d u ng 

and u rine patches concentrated aro u nd such trees wi l l  be fu l ly exposed to 

ra infa l l  impact and become a point sou rce for aq uatic pol l ution .  Therefore ,  farm 

managers wi l l  have to determine tree density that can address this issue. 

Previous stud ies have noted the behaviour of sheep camp ing and its p ros and 

cons .  I t  is we l l  establ ished that sheep tend to take shelter under  trees on wa rm 

sunny days for shade and shelter (Arnold & Pah l ,  1 974 ; Sq u i res ,  1 975; Taylor & 

Hedges, 1 984) . During mid day, sheep camping ca n extend to lengthy periods 

in  the shade of trees (H i lder & Mottershead , 1 963 ;  Squ i res,  1 975) and sheep 
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can be very selective of the tree species for thei r camping (Bowns ,  1 971 ) .  

Taylor & Hedges ( 1 984) reported from the temperate reg ion of  New South 

Wales , Austra l ia ,  that Meri nos preferred large trees with a h ig h  canopy/bole 

rat io .  This ind icates that wi l low may be preferred for camping tha n  poplar . 

Nevertheless, i n  New Zealand , shade and shelter can be benefic ia l to reduce 

the lamb mortal ity and overa l l  sheep health (Pol lard , 2006) .  

5.4.4 Effect of ferti l iser appl ication on n utrient losses i n  
ru n off 

I n  the current study, P fert i l iser appl icat ion at Mog in ie i ncreased the tota l P and 

DRP concentrations and total losses in both treatments. However, the amount 

and type of fert i l i ser, pre appl ication soi l  moisture status and tota l runoff affected 

the concentrat ions. The post autumn SSP fert i l iser (P = 45 kg ha-1 ) a ppl ication 

concentrations were cons iderably lower than spring ferti l iser appl icat ion (P = 50 

kg ha-1 ) due to greater runoff volume in the autumn  than the spri ng event. 

Runoff volume affected the d i l ut ion rates lead ing to d ifferential concentrations 

between autumn and spring events in 2006 . Past research has shown that 

nutrient concentration can be affected by runoff volume or nutrient uptake by 

p lants . For example, McCol I  & Gibson ( 1 979) reported low P concentrations in 

winter because of d i l ut ion and low i n  spr ing because of vigorous uptake by 

p lants. Runoff occurred with i n  hours after P fert i l iser app l ication in spr ing and 

plant uptake would not have affected the concentrations i n  the cu rrent study. 

Difference i n  soi l  moistu re status at the t ime of fert i l iser app l ication i n  autumn 

and spring are also bel ieved to have some impact on rate a nd extent of P 

mob i l isation .  I n  Victoria Austra l ia ,  Nash et a I . , (2004) stud ied the P mobi l isation 

from SSP and Diammonium Phosphate (OAP) fert i l isers and reported tota l 

d issolved phosphorus (TOP) concentrations were h igher i n  the wett ing front 

than the rear front and the rap idly i nfi ltrati ng water at the wett ing front in 

overland flow is l ikely to carry P with it mobi l ized at the soil surface, and P 

i nfi ltration wi l l  be proport ional to mobi l isation rates. The results from the Nash et 

a l . ,  (2004) study ind icate that a h igher soi l  moisture deficit can cause g reater 

i nfi ltration of P unti l the soi l is saturated a nd runoff is in itiated . This was 

p robably true in the post P fert i l iser app l ication event in autumn 2006 when soi l 
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moisture deficit probably caused h ig her P losses in  d ra inage than i n  runoff wh i le 

the reverse seems true in  the post-ferti l i ser event in  spring 2006. 

Contra ry to the autum n of 2006 , spring fert i l iser appl ication was at a t ime when 

soi l was close to field capacity due to the ra infa l l  capab le of in it iat ing runoff 

event on  22nd October 2006 . The h igher soi l  moisture status fol lowed by ra infa l l  

probably i ncreased the fert i l iser mobi l isation and export in  ru noff water desp ite a 

smal ler event compared with a utumn.  Nevertheless, from the environmental 

point of view, total P and DRP concentrat ions increased to unacceptable levels 

in  both events. 

A review of a nu mber of s ing le landuse catch ment stud ies in  New Zea land by 

Wi lcock ( 1 986) concluded that large quantities of P are transported to surface 

waters d ue to storm runoff occurri ng j ust after fert i l i ser app l icat ions. Nash and 

M u rdoch ( 1 997) reported that erosion o r  movement of surface soi l part ic les was 

not bel ieved to be the major  process by which P loss occu rred as 9 1  % of the 

tota l 3 .2  kg P ha- 1 lost was in the d issolved form . It was suggested that the 

d issolved form of P was as a result of d isso lution process at the soil s u rface. 

Fu rthermore ,  research in Victoria Austra l ia  by Nash et a l . ,  (2000) fou nd  that 

days s ince fert i l izing was inversely related to tota l P concentrations i n  runoff 

water whereas days s ince g razing was on ly weakly related to total P 

con centrat ions,  suggesting that l ivestock d id not mobi l ise large stores of P 

relative to fert i l ization .  Lambert et a l . ,  ( 1 985) also concluded that i ncreases in  

fert i l iser app l ication on New Zealand h i l l  country can i ncrease nutrient load ing i n  

ru noff waters resulti ng in  accelerated eutrophication .  

The late autumn N fert i l iser (Crop Master 1 3) appl icat ion on 25th May 2006 (N = 

25 kg ha- 1 ) d id not increase TN conce ntrations in  the s ubsequent runoff event 

on 29th May 2006. However, a smal l  event on 2ih May 2006 that d id n ot yield 

enough ru noff for n utrient ana lyses might have had some increased n itrogen 

concentrations .  The presence of N03--N concentrations i n  4th J u ne 2006 event 

ind icated that there was some effect of ferti l iser that could not be fu l ly  q u a ntified 

due to the very sma l l  event  on 2ih May 2006. 
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The spring N fert i l iser ( u rea) app l icat ion ( N  = 40 kg ha-1 ) had a la rge effect on  

TN concentrations in runoff on 1 yth Novem ber 2006 . The TN concentrat ions and 

total  losses were increased g reatly i n  both treatments . Althoug h d ifferences i n  

concentrations were not s ign ificant between treatments the  total N H4 + -N and  TN 

losses were substantial ly h igher from OP than  TP .  Smith & Monaghan (2003) 

have shown that losses of N in  ove rland flow from pastora l land were the 

g reatest in  soi ls receiving 400 kg N ha-1 y(1 i n  South land,  New Zealand . 

S im i l arly, Sharp ley & Syers , ( 1 979) reported that a late J u ne (winter) app l ication 

of U rea (N  = 60 Kg ha- 1 ) resulted in a total d ra inage loss of 3 . 1 4  kg N ha-1 in  a 

four  week period suggest ing that most of the losses were probably i n  surface 

runoff water .  The lower N losses fol lowing urea app l ication in TP than O P  were 

probab ly d ue to sma l ler ru noff volume from TP.  Fu  et a l . ,  (2004) reported that 

an ag roforestry system i nvolving poplar trees l im ited the runoff, soil and 

n itrogen losses compared with farm land in  Ch ina .  

5 . 4 . 5  N utrient losses i n  dra i nage wate r 

DRP concentrations in  soi l extracted solut ion us ing suction cups genera l ly 

remained very low compared with runoff concentrations .  However, the post

fert i l iser autumn event had increased DRP concentrations of envi ronmental 

concern from OP and TP (0 .97 ± 0 .34 mg L- 1 vs 1 . 3 1  ± 0 .632 mg L-1 , 

respectively) . S imi larly,  the post-winter g razing event mai nta ined a considerably 

h igh level of DRP concentrat ions.  Stud ies involv ing da i ry cattle have shown that 

P concentrations i ncreased considerably as a resu lt of g razing . For example,  

Sharpley & Syers ( 1 979) reported peak d issolved inorgan ic phosphorus ( D I P) 

concentration of 0 .25 mg L-1 as a resu lt of g razing . However, Hou lbrooke et a l . ,  

(2003) reported peak D I P  concentration of 0 . 1 5  m g  L- 1 wh ich was cons iderably 

lower than those reported by Sharpley & Syers ( 1 979) . These d ifferences were 

attrib uted to the l ivestock dens ity suggesti ng that the neg ative im pact of grazing 

can be reduced by manag ing l ivestock on pastoral lands.  

S ince the inception (Briggs & McCal l ,  1 904) a nd experimental testing ( Krone et 

a l . ,  1 95 1 )  of porous cups,  n utrient transport i n  water d ra in ing throug h the so i l  

profi le has been widely mon itored by extract ion of soi l  water us ing th is method 

(McGu ire & Lowery, 1 994; Wi l l iams & Lord , 1 997) .  However ,  there is wide 
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d iscussion In the l iterature on the sorption tendencies of suct ion cups for 

organ ic and inorgan ic compounds (Hansen & Harr is , 1 975; McGu ire et a l . ,  

1 992 ; Wagner, 1 962) . Nagpal ( 1 982) evaluated ceramic porous cup samplers 

and reported that during the rest period when samplers remained i n  contact with 

solut ion at zero tens ion ,  the P sorption capacity of the ceramic cup was 

enhanced . S imi larly, porous cups subjected to h igh  P solut ion concentration 

i n it ia l ly ,  released phosphorus when flushed with a solution of low concentration .  

Severson & Griga l ( 1 976) i nd icated that length of extract ion t ime may affect the 

concentration .  Their report showed that as the extraction t ime i ncreased , the 

extracted sample more closely represented the soi l  solution . Z immermann et 

a l . ,  ( 1 978) reported on ly 43 ± 1 . 1 % recovery of P after solut ion was fi ltered 

through ceramic cup samp lers compared with the orig ina l  solut ion 

concentration .  Nevertheless, despite i nconclus ive d iscussion on the natu re and 

effectiveness of the suct ion cup method , the resu lts from the current experiment 

cou ld sti l l  be va l id to describe the d ifferences between treatments (OP vs TP) 

i rrespective of the d ifference between actua l  concentration i n  the soi l  solut ion 

and the one measured after fi ltration through ceramic cups . 

The lack of any detectable NH/ -N and N03--N concentrations « 0 .25 mg L-1 ) i n  

post g razing events suggest that sheep ur ine d id  not pass beyond 300 mm 

depth . This supports earl ier fi nd ings by Sakadevan et a l . ,  ( 1 993) when 

appl icat ion of sheep u rine to the surface d id not pass beyond the 250 mm soi l  

depth . However, resu lts are not in agreement with find i ngs by Houlbrooke et 

a l . ,  (2003) from the same soi l  type at a nearby site under da i ry g razing 

management. The authors reported an increase i n  N03--N concentration of 5 

mg L-1 in d ra inage water as a resu lt of g razing .  The elevated N03--N 

concentrat ion ( 1 0  mg L-1 ) reported by Sharpley & Syers ( 1 979) fo l lowing 

g razing by da i ry cattle at  a stocking rate of 300 cows ha-1 suggested that the 

amount of excreta and l ivestock g razing dens ity affected the N03--N 

concentration i n  d ra inage water. Th is was probably true i n  the current study 

because sheep excreta cannot match the quantity of cow excreta . However, 

g reater losses of N03--N in the above stud ies have been attr ibuted in part to the 

preferential movement of u rine by macropore flow down cracks and channels to 

mole d ra ins .  Si lva et a l . ,  (2000) conducted a fie ld Iysimeter experiment to 
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determ ine the effect of macropore flow on the transport of cow u rine N throug h 

soi l  and reported that pores >600 IJm transmitted about 98 % of the total N 

leached below 700 mm depth . 
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5.6 Conclusions 

5 . 5 . 1  Mog i n ie experiment 

The decrease i n  so i l  moistu re content by wi l low and poplar  was g reatest in  the 

upper 0- 1 50 mm soil depth and was mai n ly restricted to summer and autumn 

months.  However, there was a trend of smal ler soi l  moisture content in  deeper 

layers in TP than OP.  The repeated meas u res ana lyses revea led that soi l  

moistu re was s ign ificantly lower in  TP tha n  O P  in a l l  the mon itored soi l  depths 

( i . e .  0- 1 50 ,  0-300 and 0-450 mm) . I t  is suggested that wi l low have sha l lower 

roots than poplar ,  therefore, they probably absorbed so i l  mo isture from d ifferent 

depths .  

The effect of trees on su rface runoff i ncreased over t ime. Althoug h cumulative 

surface runoff was h igher (P = 0 .0832) from OP than TP, seasonal  resu lts 

showed that trees were more effective in spring 2006 than spr ing 2005 , 

suggest ing that wi l low a nd poplar can s ig n ificantly red uce the qua ntity of 

surface surface runoff at the age of four  years if pla nted at h igh density (>6000 

stems ha-\ However, the deciduous natu re of wi l low and poplar makes them 

ineffective in winter and early spri ng  in  red ucing surface runoff. 

Soi l  loss in surface runoff was s ign ificantly ( P  = 0 . 0 1 58) greater from open

pasture than tree-pastu re (443 ± 67.2 kg ha-1 vs 2 1 2  ± 27.9 kg ha-1 , 

respectively) . The major sed iment load transported through runoff was in  the 

form of ISS (73.5 %) fo l lowed by OSS (26 . 5  %) i n  both treatments . Winter 

g razing caused greater soi l d isturbance from OP than TP which led to 

s ign ifica ntly g reater soil loss in runoff from OP than TP. TSS losses were 

h ig hest in  winter 2006 from OP (73 %) and TP (63 .6 %) than other seasons .  

Spring 2005 losses were 2 1  % and 26 % wh i le the spr ing 2006 contr ibut ion was 

the least ( 1 .6 % vs 2 .8  %) from OP and TP,  respectively. Although  autu mn 

contr ibution was 4 % and 7.5 % from OP and TP the major share was from 

s imulated rai nfa l l  events . 

Overa l l ,  trees were not effective i n  red ucing tota l P losses, partly due to g reater 

deposition of dung in  t ree plots as a res u lt of preferred sheep camping .  
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Therefore ,  the cumu lative tota l P losses were s im i la r  (23 kg ha-\ for OP a nd 

TP with the la rgest contribution from spring 2006 (56 . 5  %) fol lowed by winter 

(35 %) . Autumn losses (6 . 5  %) were dominated by s imu lated ra infa l l  events ,  but 

spr ing 2005 losses were nomina l  (2 %) i n  both treatments . 

The d i l ut ion effect under wi l low and poplar was sig n ificant due to redu ced runoff 

from tree-pasture than i n  treeless pasture. Therefore ,  the cumulative D RP 

losses were s ign ifica ntly h igher (P < 0 .05) from OP than TP (6.22 ± 0 .25 kg ha- 1 

vs 2 .95  ± 0.74 kg ha-1 ) and accou nted for 2 1  % and 1 7  % of tota l P ,  

respective ly. Spring 2006 losses (45 % vs 34 %) were s ign ificantly h igher (P = 

0 . 0469) from OP than TP wh i le winter losses were s imi lar  (35 %) .  The autumn 

2006 losses were four t imes h ig her than spr ing 2005 for pasture with and 

without trees .  

Winter grazing effect on tota l P and DRP losses was g reater than spr ing 

g razi ng .  S imi l arly, autu mn and spring P fert i l iser appl ication s ig n ificantly 

i ncreased tota l P and DRP concentrations in both treatments .  Pre-fert i l isat ion 

soi l  water status sig nificantly affected the P losses in su rface runoff. 

Trees had a sig n ificant effect on  TN losses in  surface runoff. The cum u lative TN 

losses over the study period were 1 5 .2 ± 0.35 kg ha-1 and 7 .2  ± 1 . 54 kg ha- 1 

from O P  a nd TP (P  = 0. 0267) ,  respectively. The major  contribution was from 

post-g razing and post-urea events . Winter contributed the hig hest losses (57 

%). However, spring 2006 contributed the second h ig hest losses and losses 

were s ign ificantly h igher from OP than TP (35 % vs 24 % ,  respectively) . The 

spri ng 2005 (7 . 5  %) and a utumn 2006 (6 .5  %) losses were statistical ly s im i lar 

between treatments . N 03-- N contribution in TN was also sim i la r  between 

treatments (3 %). S imi la rly, the ammon ical n itrogen was a lso s imi lar between 

treatments and its contribut ion to TN was 1 8 . 5  % .  

The N H/-N and N03--N concentrations i n  d ra inage water remained below 

detectable level in a l l  the post g razing events . However, urea appl ication  i n  

spr ing increased the N H/-N concentration  in  both OP and TP treatments. The 

DRP concentrations in d ra inage water were i ncreased by post-grazing and  P 
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fert i l iser events . However, concentrations were lower than DRP conce ntrations 

in  s u rface runoff water and remained statistical ly s imi lar  between treatments. 

5 . 5 . 2  Rivers ide experi ment 

The cumu lative surface runoff at R ivers ide Farm was s imi lar  (P = 0.8443) 

between OP and WP (30 mm). However, i n  summer, WP d id not yield any 

runoff suggesting that wil low along with un-grazed g rass were effective i n  

reduc ing the quantity of surface runoff. 

The cumulative TSS losses were s imi lar  (P  = 0 .6 1 75) between OP and WP ( 1 5 

kg ha- 1 ) .  The cumulative ISS losses were also s imi lar  (P  = 0 . 1 863) between OP 

and WP ( 1 1 kg ha-1 ) whi le OSS contr ibut ion (P = 0 .8425) was on ly 4 kg ha-1 . 

The cumulative total P losses were s imi lar  between O P  and WP (0. 1 8  kg ha-\ 
Simi lar ly ,  cumu lative DRP losses were a lso statistica l ly s imi lar (P  = 0.8075) 

between OP and WP (0 .036 kg ha-1 ) contributing 1 3  % and 37 % of total P 

losses from O P  and WP , respectively. The cumulative TN losses i n  runoff over 

the study period were s imi lar  ( P  = 0 .7532) between OP and WP ( 1 . 1  kg ha-1 ) .  
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6 . 1  I ntroduction 

S i lvopastoral ism aims at the conservation and uti l izat ion of  the farm's natural 

resou rces on a susta inab le basis. Many of the current farm ing p ractices 

emp loyed in h i l l  cou ntry in New Zea land are not environment friendly 

(Hou lbrooke et a l . ,  2003; Qu inn  & Stro ud,  2002) and need to be improved . The 

m u lt ipurpose attributes of wi l low and poplar make them potentia l ly usefu l for 

si lvopastoral systems, especia l ly i n  h i l l  cou ntry, where soi l  erosion is  

widespread , and summer and autumn drought resu lts in  low pasture production . 

Desp ite some studies regard ing the effects of wi l low and poplar on pastu re 

g rowth (Doug las et a l . ,  200 1 ; Guevara-Escobar, 1 999) and forage prod uction 

(Oppong et a l . ,  200 1 ) ,  l ittle research has been undertaken to u ndersta nd thei r  

effects on runoff, so i l  erosion and nutrient losses . It is a lso im portant to quantify 

their  effect on pastu re g rowth when planted at h igh density. Therefore , a series 

of fie ld  tria ls were conducted to compare the impacts of wil low- and pop lar 

pasture systems with trad itiona l  open pasture .  The influence of densely planted 

you ng wil low and poplar on pasture production ,  soi l  water status, runoff, soi l  

eros ion and nutrient loss were d iscussed in Chapters Three th rough F ive. The 

current Chapter aims at a genera l  d iscussion of the find ings in  order to provide 

useful ins ights into the futu re improvement of s i lvopastoral systems in New 

Zealand . 

6 .2  Effect of trees on soi l moisture content 

The effects of densely pla nted young  wi l low and poplar trees « 5  yrs) on soi l  

moisture content were investig ated in three d ifferent f ield tria ls .  Tree age, size 

and management had considerable effects on soi l  moisture status. The resu lts 

showed that copp iced wi l low trees (Chapter 4) with late spring browsing did not 

affect soi l  moisture in the fol lowing summer a nd autumn .  This was partly due to 

the red uction i n  the number of leaves on the trees which red uced the 

photosynthetic activ ity and transpiration .  S im i larly, newly establ ished wi l low and 

poplar trees (Chapter 3) had no s ign ificant effects on soil mo isture content i n  

the fi rst year of growth when compared with open pasture .  The plant 

competition  for moisture w ith in the topso i l  dur ing tree establ is hment is  
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considered to be intense due to the dense fib rous root system of g rasses and 

there have been reports of  reduced estab l ishment and subsequent g rowth of 

young con ifers d ue to competit ion with g rasses (E issentat & M itchel l ,  1 983) 

espec ia l ly at d ry sites (Cole & Newton ,  1 986) . S imi larly, McPherson ( 1 993) 

reported 85 % reduction i n  root biomass of Quercus emoryi seed l i ngs due to 

i nterfe rence from native g rasses, suggesting that g rasses competed for soi l  

water and nutrients. Therefore, it is recommended that any vegetation that is 

l i kely to compete with newly estab l ished trees be suppressed for one to two 

years after tree p lant ing in s i lvopastoral systems (Sharrow & Fletcher , 1 995) . 

I n  the second year of their g rowth (chapter 3) ,  densely p lanted wi l low and 

poplar started i nfluencing so i l  moisture , espec ia l ly in the top 0-300 mm soi l  

depth in summer and autumn ,  suggesting that tree roots extended beyond 

pasture roots . However, despite be ing the same age, wi l low trees were more 

effective than poplar d ue to their g reater size (height, stem d iameter and 

number of  shoots) . Accord ing to Sharrow ( 1 999) , trees start exert ing g reater 

i nfluence on the soil moisture content when tree roots extend beneath the 

pasture root zone and pasture loses its infl uence on newly estab l ish ing trees. 

Even g reater effects on soi l  moistu re content were observed with wi l low and 

poplar trees of three to four  years of age (Chapter 5) .  Although the effect of th is 

age group of trees was g reater i n  the top 0- 1 50 mm soi l  depth , a trend of 

smal ler so i l  moisture content was also obseNed i n  the deeper soi l  strata . The 

stab le coexistence of g rasses and trees in a s i lvopasture depends on both 

species being able to access soi l  resou rces .  There is a genera l  understand ing 

that the effect of trees on soi l moisture content is positively correlated to their 

age and s ize. Also , trees uti l ise soi l  water from deeper layers than g rasses and 

the depth increases with age of the tree. Jake & Guy ( 1 997) tested this concept 

on d ifferent aged Quercus emoryi trees i n  temperate savana ,  Arizona ,  USA. 

Their resu lts showed that tree seed l ings ut i l ized shal low sources of soi l  water 

« 1 5 cm) ,  whi le 1 -2 year old sapl ings uti l ized water to a depth of 20-35 cm and 

mature trees used deeper sou rces of water « 50 cm) .  These a uthors a lso noted 

that trees switched from shal low to deep water sources with in one year of 

germ ination .  This American work supports the fi nd ings i n  the current study. 
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The decrease i n  soil moisture content by trees was ma in ly restricted to summer 

and autumn .  Sharrow ( 1 995) a lso reported that competition for soi l  water 

between trees and understorey pasture is usua l ly g reatest in the summer. 

However, measurements under 4 year o ld wi l low and poplar trees (chapter 5) 

a lso showed decrease in soi l moisture in spri ng ,  suggesting that the effect of 

trees on soi l  moisture was g reater with age. Being deciduous trees , wi l low and 

poplar have the inherent d isadvantage of los i ng a l l  their leaves between late 

autumn and early winter, under New Zealand cond itions .  This defo l iation 

decreases their capabi l ity to i nfluence soil moisture in winter and early spri ng .  

Although ,  wi l low and poplar grow and develop new leaves every year i n  spring 

th is can be later than the period of maximum soi l moistu re i n  early spring .  

6 .3  Pasture product ion under  trees 

The effects of densely planted young wi l low and poplar on understorey pasture 

production were measured in two field tria ls (Chapters 3 and 4) .  Resu lts from 

these tr ials showed that shade was the major factor l im iti ng pastu re g rowth 

under trees . Relative to g rowth in open pasture, wi l low and poplar reduced 

pasture g rowth by 22 % and 9 % in  their 2nd year, respectively. The pasture 

production under coppiced wi l low reduced by 48 % compared with open pasture 

(Chapter 4) and this decrease was attr ibuted to tree shade and pasture species 

composit ion d ifferences. The lower soi l moisture content under trees (Chapter 

3) ,  especia l ly i n  summer and autumn ,  also had some negative impact on 

understorey pasture g rowth . 

Shade has been shown to make a major contribution to the reduction in pasture 

g rowth under trees . For example, Guevara-Escobar et aI . ,  (2007) reported a 40 

% reduction under mature poplar trees that was attr ibuted to shade. S im i la rly, 

Wal l  (2006) estimated a reduction in understorey pasture p roduction of 6.6 % 

for every increase i n  canopy closure rat io of 1 0  % from a poplar stand . Shade 

can a lter the pasture species composit ion u nder trees compared with open 

pasture (Burner & Brauer, 2003) . Under trees , the most productive species i n  

spring l i ke ryegrass are d iscrim inated aga inst thereby affecting the overa l l  

understorey pastu re g rowth .  Nevertheless the negative impact of  trees in  
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p lantations such as wi l low browse b locks can part ly be offset through  

management p ractices l ike sheep browsing at interva ls that favour  pasture 

p roduction .  However, it is important to real ise that frequent sheep b rowsing wi l l  

have a negative bearing on the ab i l ity of young trees to d ry out wet areas. 

The current resu lts h igh l ight the importance of grazing for the yield and qual ity 

of understorey pasture . The understorey pasture qua l ity deteriorated when 

browsing was delayed for long periods (Chapter 4) . Johnson et a l . ,  ( 1 986) 

reported that the clover content of pastu res tends to dec l ine with i ncreasing tree 

canopy. Guevara-Escobar et a l . ,  (2007) reported 8 . 9  % lower d igestib i l ity and 

1 . 5 MJ kg-1 lower metabol isable energy of pasture OM u nder the poplar canopy 

than in the open pasture. 

L ike al l  other ag ricu ltu ral systems, the productive capabi l ity of the tree and 

pastu re components i n  s i lvopastora l ism depend on the exp loitat ion of solar 

energy through photosynthesis .  The understorey pastu re g rowth is dependent 

on the s ize and efficiency of i ts photosynthetic activity .  S ince l ight q uantity and 

qua l ity is altered when it passes through the overstorey tree canopy, the 

understorey pasture photosynthesis is affected by the canopy s ize, especial ly at 

the max imum leaf area .  As a general rule, the tree root density and canopy 

effects are g reatest close to the tree stem and decrease with d istance from the 

tree stem (Sharrow, 1 999) . Coppicing of wi l low trees resu lts in a g reater number 

of shoots , thereby g iving a more branched tree (Oppong , 1 998) .  Most 

herbaceous  p lants reach leaf compensation point for photosynthesis at 

approximately 1 0% of fu l l  sun l ight (Gardner et a I . ,  1 985) and coppice trees can 

reduce l ig ht close to the compensation point ,  especia l ly  close to the stem,  as 

seen in the current study at the Rivers ide site. Hart et a l . ,  ( 1 970) reported 7 % 

of i ncident rad iation under Pinus illiottii trees . However ,  low l ight under trees 

may be some what compensated for by cooler temperatures in the shade, 

which i ncreases the efficiency of l ight use by plants (Brown , 1 982) du ring warm 

days. Nevertheless ,  even ferti l i ser app l ication may not i ncrease pastu re 

production at the compensation point (Braziotis & Papanastasis ,  1 995) .  

The i nfluence of trees on u nderstorey pasture production increases with tree 

age/size when competition exceeds fac i l itation (Sharrow, 1 995) . Stand level 
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i nvestigations on conifer tree/understorey pasture relationsh ip  have shown a 

general reduction of forage product ion with increasing tree basa l a rea or canopy 

(Joyce & M itche l l ,  1 989; Tapia et a l . , 1 990; Wal l ,  2006) .  A s imi lar trend of 

reduced u nderstorey pastu re and l ivestock p roduct ion with i ncreas ing tree leaf 

area d ue to changes in t ree density and g rowth have been reported from 

s i lvopastu re systems by; (Hawke, 1 99 1 ; Johnson et a l . ,  1 986; Knowles, 1 99 1 ) .  

Past stud ies have ind icated that the reduction i n  tree leaf area can be helpfu l to 

improve u nderstorey pastu re g rowth .  Th is can be ach ieved through si lv icu ltural 

pract ices such as tree th i nn ing  and prun ing .  However, th is does not seem 

practicab le i n  wil low browse b locks because the trees are mainta i ned at a 

constant dens ity (>6000 stems ha-1 ) . However, us ing sheep browsing to redu ce 

leaf a rea is an effective tool to offset the adverse effect of shade on pasture 

g rowth . Also ,  the continuous p ractice of copp icing of wi l l ows every year helps 

control tree height and LAI to m in imise the compound ing of deleterious effects 

of shad i ng  as seen in many block p lantations . 

6.4 Surface runoff, soi l  eros ion and n utrient loss 

As a resu lt of ra infa l l ,  pastora l land is subjected to runoff lead i ng to accelerated 

soi l eros ion .  The deg ree of runoff depends on ,  amongst others ,  factors l ike 

ra infa l l  i ntensity, slope of the land and soi l  type. These factors are not 

changeable on a large scale by h uman interference. However, certa in pract ices 

can help mod ify the impacts of runoff. These pract ices i nc lude b iolog ical (tree 

p lanting )  a nd engineer ing measu res (e .g .  construction of fie ld terraces ,  check 

dams, wire crates and dykes) .  As the vegetation m ix is d ifferent in s i lvopastora l 

systems ,  they may have a benefic ia l  effect on  runoff. 

As wi l low and poplar  a re leafless i n  winter and early spri ng ,  they wi l l  not 

amel io rate runoff generation to any extent at th is t ime compared with open 

pasture .  Large Olsen P values i n  the topsoi l  ( 0-2 .5  cm) wi l l  have serious 

impl icat ions for P losses (Aye et a l . ,  2006) i n  runoff part icu la l ly i f  the soi l  is  

unprotected .  However, these trees can be very effective from spring onward 

depend ing on their size. The resu lts from the Mog in ie experiment (Chapter 5) 

showed that wil low and poplar trees had a g reater effect on runoff in spr ing 
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2006 than spring 2005. Also,  the management practices such as coppic ing 

affected the i nfl uence of wi l low trees on ru noff and sed i ment load . 

I n  the current study, vegetative cover us ing densely p lanted wi l low and poplar 

trees red uced sediment load suggesting that so i l  erosion can be min imised 

th roug h a s i lvopastoral system.  Sheep grazi ng ,  espec ia l ly in winter ,  increased 

sed iment transport in  OP by four fold compared to TP i n  the immediate post

g razing ru noff event. These d ifferences were attr ibuted to lesser so i l  

d istu rba nce and i ncreased i nfi ltration rates in  tree pasture than open pasture. 

The model l ing work on catchment sed iment losses from land u nder deer 

farm ing  by Thorrold & Trolove ( 1 996) fou nd 4 .5  ti mes greater losses than from 

forestry. Other stud ies have also reported in creased soi l  erosion due to 

l ivestock tread ing (Evans,  1 996;  McDowel l  et a l . ,  2004 ) .  S im i larly, Carro l l  et al . ,  

(2004a) reported that water infi ltration rates i n  areas with you ng trees were up 

to 60 times g reater than adjacent pastu re . 

Nutrient losses (N and P) are a lso l inked to ru noff and sed iment load and any 

activ ity that causes red uction in  both these is l i kely to offset n utrient losses from 

pastora l lands.  However, soi l  loss alone does not exp la in  the actual nutrient 

enrichment of surface ru noff water from pastora l lands.  Disso lved P associated 

with l ivestock excreta (urine and dung) , appl ications of N a nd P fert i l isers and 

desorption reactions with the so i l  is the other major form of n utrient enr ichment 

of fresh water bod ies. I n  the current study ,  a l l  these poss ib le sou rces of n utrient 

contribution from fa rmland were studied and resu lts have shown that l ivestock 

g razing and fert i l iser appl ications increased N and P concentrations above 

m in imum threshold levels req u i red to ca use eutrop h ication  of freshwater rivers 

and streams (Austra l ia and New Zealand Environment and Conservation 

Counc i l ,  2000) and posed serious risks to aq uatic fau n a .  However, N03--N 

concentrations were with i n  the l im its for dr ink ing water (M in istry of Health , 1 995) 

i n  s u rface runoff and d rai nage. 

In the current study the N and P concentrations i n  the runoff water from areas 

u nder  wil low or poplar were s imi lar  to/or even greater than those in  the runoff 

from the open pasture area.  I n  part ,  this may wel l  have been due to g reater 

return of excreta to the areas under the trees due to the preference of g razing 
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sheep to camp and shelter under the trees rather than on open pasture .  

However, losses (kg ha-1 ) of tota l P i n  runoff from the two areas were not 

s ign ificantly d ifferent. I n  contrast, TN and DRP losses (kg ha-1 ) were 

sign ificantly lower in tree-pasture than open pastu re at Mog in ie .  Since d issolved 

forms of P are read i ly avai lable for uptake by aquatic flora (McDowel l  & 

Koopmans, 2006) , reduced DRP losses under a s i lvopastoral system can help 

reduce eutrophic effects . 

Livestock g razing can i ncrease the quantities of sed iment and nutrient losses 

from pastora l lands . In the current study, the sheep g razing had a marked 

i nfluence on sed iment and nutrients losses . Winter graz ing clearly showed 

detrimental effects. New Zea land receives most ra i nfa l l  i n  winter and early 

spring . Dur ing this period , the soil is often very wet. Also, pasture g rowth is at its 

m in imum (Chapters 3, 4 ) .  L ivestock g razing du ring th is time of the year resulted 

in large amounts of so i l  d isturbance and very poor pastu re g rowth was not 

helpfu l i n  provid ing immed iate soi l  cover and protect ion .  Therefore , i ncreased 

rai nfa l l  caused greater so i l  eros ion ,  and runoff water carried h igher levels of 

nutrients from ur ine and dung .  

Although the g reater soi l  moisture deficit that is carried over from summer and 

autumn under trees may he lp reduce runoff, as wi l low and poplar a re deciduous 

they can not m itigate the d i rect impact of ra infa l l  in  winter. However, tree roots 

can sti l l  provide reinforcement for soil stab i l ity to red uce major s l ips and s l ides 

(Ekanayake et a l . ,  2004 ; Hawley & Dymond ,  1 988;  O'Lough l i n ,  2004) . The 

resu lts from the current study a lso suggest that soi l  d isturbance due to sheep 

g razing could be lesser i n  a s i lvopasture compared with open pasture area 

because h igher infi ltrat ion rate (Carrol l  et a l . ,  2004b ; Josl in & Schoenholtz , 1 997) 

in tree pasture may help topsoi l  d ry out q u ickly lead ing to less compaction and 

soi l  d isturbance. However, at times, soi l  compaction could be g reater c lose to 

the tree stem due to preferred camping by the sheep but it should ease with 

d istance from the main stem (Wair iu et a l . ,  1 993) due to the support afforded to 

the soi l  by the tree root system. 

The p resent study a lso identified sheep camping behaviour and some of its 

impl ications. Sheep preferred to camp under trees in a l l  seasons except du ring 
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day-time i n  winter when they ut i l ized open pasture .  Therefore ,  increased dung 

and ur ine deposit ion was more l i kely u nder trees than open pasture .  The 

deciduous nature of wi l low and poplar helps d iscourage the p referred camping 

behaviour of the sheep for a few months of the year. If there was a mix of tree 

and open pastu res i n  the same paddock then evergreen trees may encourage 

g reater camping and excreta return under trees . However, a block p lantation 

on a farm with fu l l  l ivestock access could potentia l ly become a point source for 

nutrient losses. The results from th is study support the existi ng  trend of p lant ing 

wi l low and poplar trees at wide-spacing for better d istribut ion of dung and urine 

on a farm.  The resu lts also suggest that l ivestock access to r iparian strips 

should be l im ited because of their close p roxim ity to rivers and streams.  

6.5 Constrai nts faced duri ng the study 

Measurement of surface runoff i n  field tr ials requ i res substant ia l physical and 

financia l  i nput. The number of repl icates at the experimental s ites was l im ited by 

the fund ing avai lab le .  Idea l ly ,  there would be four or more repl icates of the 

runoff p lots . F inancia l resources a lso h indered the frequency of data 

measurement , measurement of the soi l moistu re content at R iverside Farm 

was especia l ly constrai ned by the cost of the travel involved . 

The Riverside site d id not p rove appropriate for runoff measurements in winter. 

The wi l low b lock was located at the bottom of a h i l l .  At the start of the 

experiment, (spring ) runoff was qu ite stable and it d id not s ignal any d isparity 

between the wi l low area and the pasture area and data col lection contin ued as 

norma l .  However, at the start of winter 2006 the runoff in wi l low p lots had 

addit ional water input from the area beh ind the p lots . Therefore , th is data was 

very d ifficu lt to i nterpret. This resu l ted in the cessation of further measurements . 

However, measurements at the open pasture s ite were qu ite norma l .  

Excess so i l  moisture ,  especia l ly a t  the bottom of footh i l l s  can also be a 

d isadvantage to pasture production ( i n  wi l low blocks such as i n  the current 

study at R iverside Farm (Chapter 4) .  Such s ites are usual ly poorly productive 

due to the long-term adverse environment that existed pr ior to tree p lant ing . 
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Lack of data on pastu re g rowth in  the pre-tree period made it difficu lt to eva luate 

the positive role of wil low to rehab i l itate these s ites in a post-tree environment. 

6.6 Future research needs 

It is suggested that futu re stud ies to extend the research described i n  th is thesis 

should focus on  the fol lowi ng . 

6 . 6 . 1  W i l low a n d  pop l a r  root extension a n d  d istri buti o n  

The results for soil moisture content in  the current study have ind icated that 

wi l low and poplar rooting systems extend to different soi l  depths .  There has 

been some effort to exp lore the poplar rooting system i n  recent years in  New 

Zealand (Mclvor et al . ,  2006) but trees younger than five years have not been 

stud ied . Also, knowledge on wi l low root d istribution is lacking in  New Zealand . I f  

i t  i s  shown that wi l low and poplar root ing systems extend to different depths ,  

both species could be  integ rated i nto s i lvopastora l systems to p rovide the 

addit ional benefit of creating moisture deficits at g reater soi l depths ,  thereby 

red ucing the q uantity of surface runoff. Also, tree survival under h ig her brows ing 

frequency shou ld be inc luded as part of such a study. 

6 . 6 . 2  S heep brows i n g  as a tool to i m p rove u n d e rsto rey 

pastu re g rowth 

I n  the cu rre nt study, early November sheep b rowsing sign ificantly red uced 

wi l low leaf area compa red with the non-browsed trees . L iterature suggests that 

red uction in overstorey tree leaf area may increase the understorey pasture 

g rowth.  Its quantification in  wi l low browse blocks is important to offset the 

negative impact of tree shade on u nderstorey pasture. This wil l  a lso help 

identify the optimum browsing freq uency and t imi ng . However, such a study 

should inc lude the effect of b rowsing ep isodes on soil mo isture content to fi nd a 

balance where trees can sti l l  create s ign i ficant moisture deficits without undu ly 

l im it ing understorey pasture g rowth . 
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6.6 .3  I nteg ration of everg ree n  tree s pec ies 

The deciduous natu re of wi l low and poplar exposes the topsoi l  to the d i rect 

impact of ra i nfa l l  in wi nter and early spr ing .  Although major s l ips and s l ides may 

not occur due to reinforcement of soi l  with roots , runoff and sheet erosion might 

contin ue at the same scale as i n  open pasture .  Therefore ,  the poss ib i l ity of 

i nteg rating an everg reen or semi-evergreen tree species seems worthy of 

investigation .  However, the spacing and proport ion of such species needs 

carefu l study so that the understorey pasture g rowth is not compromised and/or 

the preference of an imals to camp u nder trees does not lead to the depositi ng 

of la rge amounts of excreta under trees . 

6.6 .4 W i l l ow g a l l  sawfly effect on tree l eaf a rea d evelopment 

a n d  s heep health 

During the course of this study it was observed that wi l low ga l l  sawfly appears 

on most of the leaves and remains unti l  the leaves fa l l .  It was observed that 

sawfly affected the leaf growth thereby reducing the leaf area. Sheep eat sawfly 

du ring b rowsing .  Its impl ications to sheep health are also not known . Therefore, 

it is suggested that future research could look for methods to e rad icate sawfl ies 

so that wi l low fodder cou ld be free of such an unwanted parasite . 
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6 .7  Conclusions 

The current study h igh l ig hted the importance of trees on pastora l lands .  The 

densely p lanted young wi l low and poplar (3-4 yrs) reduced sed iment load by 52 

%, and decreased total n itrogen and d issolved reactive phosphorus by 47 % 

each i n  surface runoff compared with open pasture .  Trees a lso decreased 

runoff and soi l moisture as they aged . Wi l low g rew faster than poplar and 

reduced pasture growth by 23 % and 9 % i n  the i r  second year ,  respectively. 

Sheep grazing , especial ly in winter, i ncreased sed iment and n utrients load in 

runoff water and had environmental ly deleterious effects on water qual ity. 

S im i la rly, fert i l iser app l ication i ncreased the nutrient concentrat ions wel l  above 

the threshold level to a larm eutroph ication of freshwaters in New Zea land . 

Wil low and poplar decreased the su rface runoff compared with open pasture 

treatment and the ind ications are that their influence wi l l  be g reater with tree 

age and size. However, the ir deciduous nature and coppicing made them 

i neffective to reduce the surface runoff in wi nter and early spring . Therefore , 

deciduous tree-based pastora l system requ i res sufficient grass cover i n  winter 

to m in imise the rain impact .  

Sed iment load was s ign ificantly reduced i n  the tree pasture system compared 

with open pasture over the study period . Sheep grazing in wi nter resu lted i n  

g reater soi l  d isturbance and erosion i n  open pasture than  tree-pasture. 

Therefore , it is concl uded that i ncreased moisture deficit and i nfi ltrat ion under 

trees reduced the hooves impact in terms of soi l  compaction and d isturbance. 

Coppiced wi l low d id not reduce soi l e rosion u nti l  their trees rega ined fu l l  canopy. 

N utrient concentrat ions i n  su rface runoff were genera l ly s im i lar  in both 

treatments despite g reater deposit ion of dung and ur ine under trees due to 

preferred sheep camping . However, reduced runoff in tree-pasture offered 

lesser d i l ut ion . Therefore , d issolved reactive phosphorus losses were greatly 

reduced under tree pasture and reduced the potential for eutroph ication of 

freshwaters as d issolved forms of phosphorus a re read i ly ava i lable for p lant 

u ptake such as algae. The total n itrogen losses were s ign ificantly lower in tree

pasture. The ammon ica l  and n itrate n itrogen concentrat ions were not detectable 
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for a l l  the runoff and dra i nage events. However, detectable concentrations and 

cumu lative losses were s imi lar i n  tree-pasture and open pasture. The dung and 

u rine deposit ion from sheep grazing and N and P ferti l iser appl ication 

sign ificantly increased nutrient concentrat ions and total losses. 

The effect of densely p lanted wi l low and poplar i n  decreasing soi l moistu re was 

g reater in summer and autumn months compared with open pasture. However, 

wi l low and poplar had no influence on soi l moisture in their first year, but their 

effect i ncreased i n  the subsequent years . Trees influenced soi l  moisture more in 

the top 0- 1 50 mm soi l stratum than deeper soi l  strata , but the decrease i n  the 

deeper soi l strata increased with age and tree s ize . 

The u nderstorey pasture g rowth was affected by wi l low and poplar overstorey 

compared with open pasture area .  Tree shade was the dominant factor 

i nfluencing the pasture g rowth , a lthough summer and autumn pasture g rowth 

was a lso affected by reduced soi l  moisture .  Management of the trees canopies 

through browsing or coppicing is necessary to ma intain pasture product ion i n  

browse b locks . 

The current study advances our environmental understand ing of the tree 

pasture system.  The study included a number of aspects which ,  in the past, 

were not reported or were reported in isolation .  The key find ings were reduced 

soi l moisture, runoff, sed iment and nutrient losses in a wi l low-poplar pasture 

system compared with open pasture .  The current research work p rovided 

sufficient ins ight to point out defin ite a reas that requ i re mu lt idiscip l i nary 

research i n  future. I nformation from this study and the reviewed l iteratu re 

support the value of wi l low- and poplar pasture system in reducing runoff, soi l  

erosion and nutrient losses from New Zealand pastures. 
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Appendix 4 . 1 Volumetric soil moisture content (%) at 1 50-300 m m  depth in wi l low 
pasture (WP) and open pasture (OP) treatments at Rivers ide Farm . L ine 
bars show the SEM for each date . * denotes significance at P < 0 .05 .  
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Appendix 4 . 2  Volumetric soi l  mo isture content (%) at 300-450 m m  depth i n  wi l low 
pasture (WP) and open pasture (OP) treatments at R iverside Farm. Line 
bars show the SEM for each date. * denotes significance at P < 0 .05.  
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Appendix 5. 1 Volumetric soi l  moisture content (%) at 1 50-300 mm depth in open 
pasture (OP) and tree pasture (TP) treatments at mog in ie ,  manawatu.  
L ine bars show the SEM for each treatment. * denotes s ignificance at P 
< 0 .05. 
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Appendi x  5 .2  Volumetric soi l  moisture content (%) at 300-450 mm depth in open 
pasture (OP) and tree pasture (TP) treatments at Mogin ie ,  M anawatu. 
L ine bars show the SEM for each treatment. * denotes s ignif icance at P 
< 0 .05. 
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