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11 General introductio n 

Inn the Netherlands, grasses such as Deschampsia flexuosa (L.) Trin. dominate the undergrowth 

vegetationn of Scots pine {Pinus sylvestris L.) forests. These forests are also characterised by thick litter 

layers.. Together these factors may hamper spontaneous forest regeneration (Van Wieren et al., 1988; 

Vann Wieren, 1997) although there is some discussion about this role organic matter (Emmer, 1995a; 

Fanta,, 1986). It is thought that by disturbing the litter layer or by reducing the grass vegetation, 

conditionss for forest regeneration can be improved and species diversity will be enhanced 

(Kuiterss et al., 1996). 

Onee of the management options to establish these changes in soil and undergrowth vegetation is 

thee introduction of large herbivores. In the last decades, grazers have been introduced in open 

landscapes,, such as coastal dunes and heathlands, where grazing appeared to be an effective 

measuree to counteract the grass-encroachment (Bokdam and Cleichman, 1989; Kooijman and 

Dee Haan, 1995; Olff and Ritchie, 1998). In forest ecosystems, however, trees play a major role 

throughh their continuous litter input and by affecting the irradiation and temperatures at the soil 

surface.. It is therefore not clear, whether grazing in forests is equally effective in counteracting grass 

dominancee and whether stocks of soil organic matter can be reduced. This research focuses on the 

reductionn of both grass dominance as well as the reduction of the large pools of soil organic matter 

andd the pools of nutrients therein. 

Scot ss pin e ecosystem s 
Inn the Netherlands, Scots pine stands cover about 40% of the Dutch afforested area (Van den Burg, 

1997).. Most of these forests were planted on inland drift sands, because Scots pines were able to 

stabilisee the sand and were capable to grow on these nutrient poor and acidic sandy soils. The Scots 

pinee stands are characterised by the development of an ectorganic Mormoder type humus profile 

(Greenn et al„ 1993), which is indicative for retarded decomposition in nutrient poor ecosystems. 

Thee accretion phase, in which organic matter in the ectorganic horizons accumulates, may last to 



aboutt 100 years (Emmer, 1994), The organic matter is hardly mixed into the mineral soil. Since the 

parentt material is highly quartzitic and poor in nutrients, the humus profiles are the most important 

poolss of carbon and nutrients and form the major rooting environment (Emmer, 1995a). In many 

forestt ecosystems, the humus profile is characterised by large spatial variability in morphological and 

chemicall properties (Riha etal, 1986; Butzke, 1988; Grigal et al., 1991; De Boer, 1996), This even 

holdss for the monotonous vegetation in the planted Scots pine stands with evenly spaced and even 

agedd trees and very homogeneous undergrowth vegetation (Emmer, 1997). 

Inn most of the more or less even aged pine stands, the undergrowth is dominated by Deschampsia 

flexuosaflexuosa (Fanta, 1986). The abundance of this species has increased dramatically over the past 

decades,, which is attributed to increased N deposition (Heij and Schneider, 1991;Tamm, 1991). 

Inn nutrient poor environments, plants are well adjusted to the low-nutrient status; they grow slowly, 

usee nutrients efficiently and produce poor-quality litter (Hobbie, 1992). In that way, the pools of 

nutrientss may increase, but the availability remains low, which prevents the establishment of fast 

growingg plants (Berendse, 1994; Van Breemen, 1995). An increase in input of nutrients by 

atmosphericc deposition can increase the availability of nutrients and faster growing species can 

takee advantage of that and become dominant (Boot, 1990). 

Inn the pine stands, establishmentt of seedlings of deciduous trees may occur, but only after a decline 

off the competitively strong Deschampsia flexuosa (Fanta, 1986; Prach, 1989). Apart from low light 

levels,, this may be connected to inhibitory effects of Deschampsia roots on tree seedlings (Jarvis, 

1964).. Selective grazing of the Deschampsia flexuosa sward and the disturbing effects of animals 

mayy provide improved conditions for seedling establishment (Pigott, 1983, Hester et al., 1996). 

However,, intensive browsing of the seedlings and saplings suppresses large-scale establishment of 

QuercusQuercus robur, Betula pendula and Fagus sylvatica and may hamper the succession of Scots pine 

forestss to broad-leaved forests (Prach, 1989; Raggers, 1994). 

Fores tt  grazin g 
Crazingg is widely reported to restore or maintain the (high) species diversity in open vegetation 

(e.g.,, Johnson, 1956; Bülow-Olsen, 1980; Smith and Rushton, 1994; Pettit et al, 1995). For example, 

Kooijmann and De Haan (1995) reported that in tall-grass communities in the Dutch coastal dunes 

grazingg significantly increased the number of species. In forest areas, grazing by cattle is less common, 

butt is, for example, known from the British woodlands (Putman, 1986} and the open coniferous 

forestss of interior British Columbia (Meidinger and Pojar, 1991). 

Herbivoress may be a natural part of the forest ecosystems, but the effects of grazers and particularly 

browserss on trees can decrease wood production and regeneration of trees, so herbivores are often 

seenn as a destructive factor (Ammer, 1996; Reimoser et al, 1999). Browsing can also reduce nutrient 

cyclingg and tree growth, through selective feeding on highly palatable species with better litter 

quality,, (Pastor et al, 1993). In Scots pine stands, however, browsing is subordinate to grazing of the 

undergrowthh vegetation, because the palatable parts of the even aged pine trees occur mostly too 

highh for the grazers. 

Evenn without browsing, the effects of grazing in forests may differ from the impact on open 

88 vegetation. Firstly, grazing can reduce the standing crop of the undergrowth vegetation, but a 



substantiall part of the litter input (i.e. tree litter) remains unaffected. Secondly, the tree canopy can 

bee an important factor for the microclimate in the soil because of the interception of light. This can 

reducee the impact of grazing on soil climate. Lastly, in forests, spatial patterns in the canopy may 

leadd to spatial differentiation in litter input and microclimate, leading to higher spatial variability 

inn site factors and therefore higher variability in the impact of grazing. 

Possibl ee impact s of grazin g in forest s 
Thee effects of grazing on the pools of organic matter and nutrients are the resultant of changes in 

inputt of litter and nutrients from the undergrowth vegetation, and, on the other hand, changes in 

ratess of decomposition of organic matter and mineralisation of nutrients like nitrogen (N). Both will 

bee further explained below. 

Biomass Biomass 

Crazingg very likely reduces the input of litter, as standing crop is consistently lower under grazing 

conditionss (Marrs et al., 1989). The production of above ground biomass production of grasses and 

herbss are, however, reported in literature as either stimulated or suppressed, depending on species 

andd site factors (McNaughton, 1979; Holland et al., 1992; Agarwal et al., 1993; Milchunas and 

Lauenroth,, 1993), although according to Belsky (1986) results giving evidence for increased biomass 

productionn often lack appropriate experimental design. The impact of grazing on below ground 

biomasss production (roots) is less often described. Root growth of most species is reduced by 

defoliation,, as a direct result of the reduction in amount of photosynthetically active tissue 

(Youngner,, 1972), but some species can maintain root growth, even when defoliation has caused 

aa major imbalance in rootshoot biomass ratios (Richards, 1984). 

SoilSoil  organic  matter 

AA reduction of above ground biomass can alter the microclimate at the soil surface and cause an 

increasee of temperatures (Crawly, 1983), leading to changes in microbial species composition and 

higherr decomposition rates (Carreiro and Koske, 1992). This effect is mainly reported from clear-

cutting,, where the removal of trees causes a strong increase in microbial biomass and decomposition 

off soil organic matter (Johnson et al, 1995; Paul and Clark, 1996). It may, probably to a lesser extent, 

alsoo occur when the undergrowth vegetation is consumed by herbivores. In combination with a 

reductionn in litter input, increased decomposition rates due to grazing may lead to lower stocks of 

soill organic matter. On the other hand, a shift in vegetation to less palatable species with lower litter 

qualityy or a reduction in the quantity of (root) litter input may reduce the decomposition in the soil 

(Hendncksonn and Robinson, 1984). 

Nutrients Nutrients 

Thee consumption of above ground biomass and the concurrently lower litter input reduces the input 

off nutrients to the soil. However, the impact of grazing on the nutrient status of the soil also depends 

onn mineralisation of nutrients. Besides better physical conditions as mentioned above, Bardgett et al. 

(1998)) described an increase in root exudation after grazing, which can positively affect the 9 



rhizospheree communities and result in increased mineralisation of nutrients that plants need for 

regrowth.Thiss is, however, a short-term impact of grazing. On the longer term the reduced root biomass 

andd decreased litter quantity and quality become more important and mineralisation decreases 

(Pastoretal.,, 1993; Bardgett et al„ 1998). In a comparative study, Van Wijnen et al, (1999) also 

foundd lower N-mineralisation, which was attributed to decreased litter quantity and quality. 

Locally,, deposition of urine and/or dung increases the input of nutrients to the soil (Day and 

Detling,, 1990). In this research, however, herbivores were considered only as a sink and not as part 

off the nutrient cycle. Therefore, the manured parts were not studied and the research focuses on 

thee grazed parts of the terrain. 

Objective ss and approac h 
Thee individual effects of grazing may not all lead to the same net impact on soil organic matter and 

nutrientss in the soil. In addition, it is not known which effect has the largest impact on stocks of soil 

organicc matter and nutrients, so the combined effect from reduced input and altered decomposition 

ratess is hardly predictable and may vary among ecosystems This is also reflected by an analysis of 

aa world-wide data set on changes in soil organic matter and stocks of nitrogen, which showed that 

responsess to grazing were nearly equally divided between negative and positive, suggesting that the 

sitee factors and grazing practice (e.g., grazing intensity) determine the grazing response (Milchunas 

andd Lauenroth, 1993), In combination with the spatial variability in site factors, as can be expected 

inn forest ecosystems, the impact of grazing on organic matter and nutrients in the organic layer of a 

grass-encroachedd Scots pine forest, cannot simply be derived from theoretical changes in litter input, 

decompositionn rates and nutrient mineralisation. 

Thee objective of this research was therefore to test whether the aims of grazing, i.e. counteracting 

grass-encroachmentt and reducing the soil organic matter stocks, could be achieved in this type of 

ecosystems.. The research was focused on both dynamics of organic matter and nutrients and the 

followingg questions will be answered in this thesis: 

11 Is grazing effective in reducing stocks of soil organic matter, taking into account spatial 

variabilityy in soil parameters? 

22 Can the nutrient status of the soil be reduced by grazing, through reduced input of litter 

andd successive changes in the processes determining the availability of nutrients, such as 

decompositionn and mineralisation? 

Thee research questions will be answered in four chapters 2, 3, 4 and 5. All chapters are based on data 

fromm a seven-year grazing experiment in a 70 year-old Scots pine stand planted on drift sand near 

Kootwijkk (5 46'E, 52 10'N, 30 m above sea level) in The Netherlands (Figure 1.1). The soils can be 

classifiedd as Haplic Arenosols (FAO, 1998) on which a Mormoder humus form (Green et al., 1993) 

developedd with pronounced horizon differentiation and hardly any organic matter mixed into the 

minerall soil. The herb layer is dominated by Deschampsia flexuosa (L.) Tnn. Soil and vegetation 

developmentss are similar to those in other forest stands of similar age on drift sand as described by 

100 Emmer(1995a). 



Inn the stand, three rectangular sites of 1 ha were fenced. The first site was used as a control and was 

nott grazed. The 'heavily' grazed site was grazed every summer (June) for a period of 20 days by five 

cows.. After this period, no edible grass was left. The 'moderately' grazed site was grazed for half of 

thiss period by the same cows. The first grazing period was in 1990, the last in 1996. 

Figuree 1.1: Research location 

Kootwijk k 

Backgroun dd informatio n on researc h desig n 
Thiss research was performed in two phases. In the first phase (1990-1995), it was part of the 

Nationall Forest Crazing Project (Kemmers et al„ 1996; Kuiters et al., 1996; Van Wieren et a l , 1997). 

Thee experimental design, sampling strategy and chemical analyses were performed within the 

constraintss of the common research topics and the finances of this national project. The main 

objectivess in this phase were to measures changes in the soil parameters as influenced by grazing. 

Thatt means that during these years, the humus profile was the central study object and properties 

ass soil organic matter stocks, pH and morphological features were extensively studied. 

Fromm 1995 on, the grazing experiment was continued within the scope of this PhD thesis. Continuing 

ann existing experiment had both advantages and disadvantages. The main advantage of continuing 

thee experiment, already five years old, was that it was possible to study the impact of grazing over a 

longerr term than the normal 2 or 3 years (Weatherhead, 1986;Tilman, 1989). The disadvantages 

concernn the sampling strategy, e.g., the use of composite samples in the earlier years and a slight 

differencee in sampling between the initial situation and later years. In 1995, the focus on the soil 

compartmentt only was extended to the interactions between soil and vegetation, but at first, it 

wass not clear whether the undergrowth of the several sites had also been comparable in the initial 

situation.. By using a second control plot, just outside the heavily grazed site and comparing it with 

thee original control site we checked if the sites could be compared in biomass measurements. 

Thee two control sites appeared to be very similar. In addition, the second control site appeared 

too be logistically much more convenient, and was therefore used for further measurements. 11 1 



Outlin ee of the thesi s 

Inn Chapter 2, the spatial variability of a number of humus profile properties is discussed. Properties 

concernedd were considered as relevant for the impact of grazing and to be easily determined. The 

extentt and scale of the spatial variability should be known before the first research question could be 

answered.. In this chapter, the initial spatial variability was studied, as well as the possible 

explanationn of spatial variability by several site factors. The impact of grazing on the patterns and the 

possiblee differences between grazing densities was investigated. The first research question is not 

completelyy answered in this chapter, but will be further discussed in chapter 5. 

Chapterr 3 and Chapter 4 deal with the nutrient cycling in the grazed sites vs. the control site and will 

answerr the second research question. The nutrient cycle is divided into two parts. The first part 

(chapterr 3) focuses on the input of litter to the soil. The aim of this chapter is to quantify changes in 

organicc matter and nutrient input due to grazing in Dutch pine forests and assess the contribution of 

biomasss consumption and reduced production of grass shoots and roots to this. A reduction in input 

off nutrients, due to grazing, may lead to lower pools of nutrients in the soil. The availability may also 

bee reduced, but depends on the decomposition and mineralisation rates too. The impacts of grazing 

onn the various processes affecting decomposition rates of organic matter are difficult to separate, but 

theirr combined effects may show changes in nutrient availability, which is studied in chapter 4. 

Inn Chapter 5, the impact of grazing on soil organic matter is discussed and question 1 is answered. 

Duee to large spatial variability, monitoring of these stocks appeared nearly impossible within 

constraintss of an acceptable amount of soil samples. Therefore, the results on spatial variability 

(chapterr 2), input of litter {chapter 3) and decomposition of soil organic matter (chapter 4) are 

combinedd and used in a model, which simulates the accumulation of soil organic matter. The model 

wass used to explore the possible limits of the impact of grazing on soil organic matter. Results from 

measurementss and model are compared and the usefulness of the laborious sampling design is 

evaluated. . 

Chapterr 6 deals with a numerical experiment, which was performed to test whether the concept of 

consistencyy of litter input and decomposition patters can give a better explanation of high spatial 

variabilityy in the ecosystem studied. By using a conceptual model, impact of consistency of litter input 

patternss and decomposition patterns were simulated. In addition, the impact of variability in these 

factorss was simulated. 

Inn Chapter 7, conclusions of preceding chapters are combined and discussed, in order to give an 

answerr on the research questions on organic matter and nutrient status of the soil. In addition, 

thee implications of these conclusions for biodiversity and forest regeneration are discussed. 

12 2 
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22 The impac t of grazin g on spatia l variabilit y of 

humu ss profil e propertie s in a grass-encroache d 

Scotss pine ecosystem . 

PublishedPublished in Catena 36 (1999) 85-98 (the term 'plot-scale'has been substituted by 'site-scale') 

Abstrac t t 
Crazingg is often used in management of grass-encroached Scots pine (Pinus sylvestris) 

forestss in The Netherlands, because it is thought to increase diversity of vegetation and 

humuss profiles. To test this hypothesis, two 1 ha sites in a primary pine stand on drift sand 

weree grazed for 7 years at high and moderate intensities. The humus profiles of these two 

sitess and of a control site were sampled at various scales to assess changes in grass biomass, 

thicknesss of ectorganic horizons, organic matter stocks, root stocks, and pH. Whether grazed 

orr not, site factors such as slope angle and aspect, distance to trees and parent material did 

nott explain the spatial variability of the sites. Spatial variability could be linked to the 

tussockk structure of the grass layer. With continued grazing, ectorganic horizons became 

moree compact (particularly the F horizon), stocks of organic matter increased, grass biomass 

decreased,, variances tended to decrease and ranges tended to increase. These results 

suggestt that at the landscape scale, where much variation in grazing intensity can be 

expected,, spatial variability of humus profile properties and thus site diversity will increase. 

However,, grazing intensities in the experiment were far greater than those normally 

employedd in management of grass-encroached forests. Therefore grazing will scarcely affect 

sitee diversity, unless grazing variability is enhanced by special treatments, such as temporary 

fencingg to create locally high grazing intensities. 

Keywords:Keywords: spatial variability, humus form, grazing, organic matter, sampling strategy 



Introductio n n 
Crazingg by large herbivores has become popular in forest management in The Netherlands, for 

examplee to counteract grass encroachment resulting from atmospheric deposition (Aerts, 1989; 

Heijj and Schneider, 1991). Crazing usually leads to an increase in biodiversity, because it results in: 

(a)) a more open vegetation structure and greater availability of light which favours shade-intolerant 

speciess (Kooijman and De Haan, 1995; Kobayashi et a l , 1997) and fb) increased pattern diversity 

throughh interaction between spatial patterns initially present in the landscape and variation in 

livestockk density and/or grazing intensity (Bakker, 1989). 

Onee feature largely ignored in grazing studies is the humus profile. This is a serious omission, since 

thiss part of the soil profile forms an important link between the vegetation and abiotic properties of 

thee ecosystem and regulates the availability of nutrients and moisture (Kimmins, 1987; Schaap et al,, 

1997).. Crazing affects the humus profile through changes in litter input and composition (Pastor et 

al.,, 1993), but it may also influence soil temperature and moisture regime, which determine the rate 

off decomposition. Changes in the humus profile caused by grazing also exhibit spatial patterns, 

resultingg from initial differences and variation in grazing intensity. 

Spatiall variability in humus profile properties can be considerable (Arp and Krause, 1984; Crigal et 

al.,, 1991). Emmer (1997) demonstrated that this even holds for mono-specific, even-aged stands of 

PmusPmus sylvestns. The causes of spatial variation are diverse and are related partly to spatial variability 

inn litter input and decomposition. They act at various scales: geomorphic factors, such as slope angle 

andd aspect, induce large scale variation; tree distribution and associated litter input act on a scale of 

severall metres; grass tussocks may affect the humus profile at the centimetre scale. Effects of grazing 

intensityy on humus profile properties are also complex because grazing, trampling and manuring are 

localised.. Also, the implications of such spatial variability for sampling schemes and strategies have 

nott yet been studied in detail. 

Thee purpose of this study was to evaluate the impact of grazing on spatial patterns in humus profile 

properties.. Fenced 1 ha areas with moderate and high intensity grazing and a control site were 

locatedd in a fairly homogeneous 70 years-old primary pine stand with a uniform undergrowth of 

DeschampsiaDeschampsia flexuosa on drift sand. The uniformity of the herb layer eliminated selective feeding on 

preferredd species or parts of the sites. Questions to be answered were: i) does grazing induce changes 

inn spatial variability of humus profile properties7 and, if so, at what scale? and ii) do these changes 

dependd on grazing intensity7 It was necessary to know the initial spatial variability of humus profiles 

off the sites studied and its causes. I also considered the implications of spatial variability for optimal 

samplingg strategies. 

Method s s 
StudyStudy  area 

Thee study area was in a drift sand area north of Kootwijk , , 30 m above sea level) 

inn The Netherlands. In 1928, Scots pines (Pmus sylvestns L.) were planted to stabilise the drift sand, 

whichh is highly quartzitic and well sorted, with a median particle size of about 175 pm (Koster, 1978). 

Twoo types of drift sand were distinguished, one with 0.75%-1.5% organic matter (low OM) and the 

166 other with < 0.75% (very low OM) (Mekkink and Kemmers, 1993). The soils are classified as Haplic 



Arenosolss (FAO, 1998). On the acidic sand, a Mormoder humus form (Green et al., 1993) has 

developed.. pH(H ;0) values are in the Al-buffering range, around 4 in the subsoil and below (3.3-3.7) 

inn the topsoil. The herb layer was dominated by Deschampsia flexuosa (L.) Trin., with some patches of 

VacamumVacamum myrtillus L. Soil and vegetation development are similar to other forest stands of similar 

agee on drift sand as described by Emmer (1995a). 

ExperimentalExperimental  design  and sampling 

Inn the studied stand, three rectangular sites of 1 ha were fenced. The first site was used as a control 

andd was not grazed. The 'heavily' grazed site was grazed every summer for a period of 20 days by 

fivee cows. After this period all edible grass had been consumed. The 'moderately' grazed site was 

grazedd for half of this period (10 days) by the same five cows. The first grazing period was in 1990, 

thee last in 1996. 

Beforee the first grazing period in 1990, all sites were sampled to document their initial composition 

andd test whether initial differences existed between them. In each site, 50 humus profiles were 

sampledd (Sevink et al., 1993) in a rectangular grid with a spacing of 15 m (Figure 2.1). Differences 

weree negligible (Kemmers et al., 1996). Because the 1990 sampling method differed slightly from 

thatt of later years, the 1990 data were used only to determine initial differences between sites 

andd not for further comparisons. Sampling was repeated in 1992, 1994 and 1996 (after 3, 5 and 7 

grazingg periods, respectively), immediately after removal of the cattle. At each sampling point, site 

factorss such as slope angle and aspect, distance to the nearest tree trunk, soil type class (low or very 

loww OM) and the presence of a buried podzol profile in the subsoil (within 180 cm) were recorded. 

Figuree 2.1. Sampling locations of the site-scale experiment (left) and the detailed-scale experiment (right). 

Eachh dot represents a sampling point. 

Site-scal e e 

control control 

Detailed-scal e e 

Att each sampling point two adjacent samples of the humus profile were taken with a monolith 

samplerr (area of sampling surface: 42 cm2, Wardenaar, 1987). The first served to describe morphological 

characteristicss and the thickness of L, F, H and EAh horizons (definitions according to Green et al., 

1993).. These horizons were sampled, and samples from the remaining part of the upper 5 cm of the 17 7 



minerall soil profile (the thickness of the EAh horizon was always less than 5 cm}. The second sample 

wass divided into three parts; the L and F horizon combined, the H horizon if present, and the upper 

55 cm of the mineral soil. Samples from each part were used to measure pH. Results for all these 

sampless will be referred to below as 'site scale'. 

Inn 1996, short distance variability was assessed by digging trenches 2.5-3 m long and 40 cm deep. 

Inn each of the three sites seven trenches were dug at random Descriptions of horizon thickness and 

morphologicall characteristics of the humus profile were made at 10 cm intervals along one side of 

eachh trench. 

Inn 1997, spatiall variability was assessed again. Two plots (A and B in Figure 2.1) of 10m x 10m 

withh a herb layer dominated by Deschampsia flexuosa were selected. The first (A) was located in 

thee heavily grazed field, about 5 m from the fence, the second (B) was placed just outside the same 

fencee in the non-grazed part of the stand. In both plots, 180 sample points were located at irregularly 

spacedd sites (Figure 2.1). At each sample point the above ground biomass was sampled from a 

25cmm x 25cm surface area, after measuring the height of the grass While cutting the grass, the 

locationss and sizes of Deschampsia tussocks were mapped. Next, at each point, the humus profile 

wass sampled with the monolith sampler; it was described and divided into an ectorganic part and 

aa mineral part (0-5 cm depth). The results of these measurements will be referred to below as 

'detailedd scale' 

LaboratoryLaboratory  analyses 

Becausee of the large number of samples involved at the site scale, analyses were limited to organic 

matterr content, root content and pH (Sevink et a I., 1993). The soil samples of the site scale experiment 

weree dried at 70 C for 48 hours, and roots, bark, and large woody particles were removed by hand-

pickingg and weighed separately. For loss on ignition (LOI%), as a measure of the organic matter 

content,, samples were heated to C for 16 hours. pH was measured potentiometncally in 

suspensionss of soil material in either distilled water or 1 M KCI; weight/volume ratios (soil/l iquid) 

weree 1:10 for organic samples and 1:2,5 for mineral samples. To calculate stocks of organic matter 

(kg.OMM m (sample weight was multiplied by the fraction of the organic matter content and then 

dividedd by the sampling surface area. Samples at the detailed scale (soil and biomass) were dried 

att 70 :C for 48 hours and weighed Half (randomly selected) were analysed for LOI. Stocks of organic 

matterr were calculated for the ectorganic horizons and for the upper part of the mineral soil as before 

StatisticalStatistical  anu'vses 

Too find the cause of spatial variability in the humus profile, four site factors were divided into equally 

sizedd classes as follows: slope angle (0-5 ; 6 -10 , > 1 0 ) , slope aspect (NW-NE; E, Wand flat, SW-SE), 

parentt material (low OM, very low OM or presence of a buried podzol within 180 cm) and distance to 

nearestt tree trunk ( < 3 m; > 3 m). A two-way analysis of variance (ANOVA) was then used to see 

whetherr any of these factors or pairs of factors influenced the variability in thickness of horizons and 

stockss of organic matter. Sites and sampling years were analysed separately. Part of the ANOVA was 

aa Leven e's homogeneity of variance test to judge whether variances were different If they were, 

188 the nonparametric Kruskal-Walhs one-way ANOVA was used (Norusis, 1993). 



Alll properties (thickness, pH, organic matter stocks and roots) were tested for all horizons individually, 

andd stocks of organic matter and roots were summed over all horizons. Thickness of the L, F and H 

horizonn were also summed, as the thickness of the ectorganic profile is often used in humus profile 

classificationn keys. 

Semivanogramss were constructed, using the software Variowin release 2.2 (Panatier, 1996), 

too estimate spatial correlation of measured properties. Semivanograms are calculated by the 

followingg formula: 

11 n(h) 

y(h)=y(h)= 2n(h) S [z (x,) - z (x +h)] (2.i) 

Wheree h is the distance vector (the lag), z is the value at a certain point (xj] and n is the number of 

pairss having the same lag. Then y (h) is plotted against h and a model is fitted to this vanogram 

(Burroughh and McDonnell, 1998). The fitted curve shows three features; first, at large values of ft the 

curvee levels off and this horizontal part, called the s/7/is equal to the overall variance; second, the 

distancee at which the sill is reached is called the range, this is the limit of spatial dependence; third 

thee variance at lag zero is called the nugget van a nee, which is the variance at a lag smaller than the 

samplingg interval (Davis, 1986; Webster and Oliver, 1990). 

Figuree 2.2. Means (A) and variances (B) of horizon thickness and organic matter stocks after 7 annual periods of grazing 

(1996)) (error bars: 95% confidence interval).  not grazed; ' . : moderately grazed; < : heavily grazed ; 

thickk F = thickness of F horizon, thick H = thickness of H horizon, thick E = thickness of E horizon, OM-ect = organic matter 

stockss in ectorganic horizons, OM-end = organic matter stocks in endorganic horizons, total OM = organic matter stocks in 

totall humus form 
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Thee site scale data were used to see whether a spatial correlation could be demonstrated at distances 

argerr than 15 m. The detailed scale data were used to compare semivanograms on a smaller scale. 

Thee influence of above ground biomass or tussocks on humus profiles was tested in two ways. 

Bivariatee correlation analysis was used to identify a relationship between the measured humus 

factorss and the biomass, and a t-test was used to test for significant differences between the humus 

profiless on and between tussocks. Changes in the spatial distribution of aboveground biomass were 

examinedd using frequency distributions 19 9 



Result s s 
HumusHumus  profile  variability  in  the non-grazed  area 

Statisticall analyses for the non-grazed sites, which include all sites in 1990 and the control site in 

1996,, showed that the relations between humus profile properties and site factors were on the whole 

nott significant. Properties tested were thicknesses of the ectorganic profile and the F and H horizons 

separately,, organic matter stocks and root stocks of the complete humus profile. Site factors included 

slopee angle and aspect, distance to trees, parent material and the presence of a buried podzol profile 

inn the subsoil. Interaction between pairs of factors also showed no effect at the site scale. However, 

theree were larger variances in both thickness and organic matter stocks of the F horizon than in 

underlyingg horizons (Figure 2.2 B). In spite of this, no spatial correlation was found at this scale. At all 

distancess the variance was comparable to the overall variance. Since the minimal distance between 

samplee points was 15 m, any spatial correlation was probably on a smaller scale than the site scale 

(Websterr and Oliver, 1990). 

Figuree 2.3. Soil profiles showing thicknesses of ectorganic and endorganic horizons, measured in trenches m non-grazed (A) 

andd heavily grazed (B) sites (1996). 
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Figuree 2.4 Fitted models of semivanograms of soil properties measured at the detailed scale (1997). The x-axes show the 

distancee between samples, the y-axes the variance. 
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Att the detailed scale, there was also a large variance as can be seen in Figure 2.3A, which gives an 

examplee of one of the trench profiles. This non-grazed profile showed large differences in horizon 

thicknesss at short distances, which was also evident from the variogram models of the detailed 

scalee sampling in the non-grazed and heavily grazed sites (Figure 2.4). In that Figure, the modelled 

variancee was plotted against the distance between sample points (i.e. the lag). For the thicknesses 

off both the F and H horizons, the variances increased sharply until the level of the sill (the variance 21 1 



att which the graph flattens). For the F horizon the distance at which the vanogram reached the sill 

(i.e.. the range) is less than 0.5 m, and the thickness of the H horizon had a range of 1.5 m. The stocks 

off organic matter showed only a slight difference between nugget and sill, and the thickness of the 

EE horizons was a pure nugget model (no increase in variance over distance). The sill of organic matter 

stockss in the ectorganic horizons was lower than the variance at the site scale (Figure 2.2). 

Vanogramss of this variable with a lag size of more than 5 m (not presented) showed an increase 

off variance up to the site scale level at a distance of between 6 and 9 m. 

Thee vanogram of the above ground biomass had a range of 0.6 m, which was about the same as 

thatt of the F horizon. This short range was in line with the frequency distribution of the biomass 

(Figuree 2.5A), which shows an evenly spread amount of biomass and only a small number of patches 

withh little or no biomass. There was no correlation between above ground biomass and thickness of 

thee F horizon. However, there was a significant difference (p < 0.001) between the thicknesses of the 

FF horizon within tussocks (x . . . . =7.5) and between tussocks (x .,.,.. .=5.5) 

Figuree 2.5. Frequency distributions of above giound biomass 1997 A: not grazed; B: heavily grazed 
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TheThe impact  of  grazing  on humus  profile  variability 

Afterr seven years of grazing the impact of site factors, such as slope angle and aspect, distance to 

treee trunks or presence of a buried podzol profile, on the properties studied (see previous section) 

wass mostly not significant, and where the impact was significant it was not consistent over the years. 

Thee years 1992 and 1994 and the pairs of factors gave comparable results. As expected, the pH 

wass not changed by grazing, because it is strongly buffered at the low range (data not shown). 

Att the site scale, seven periods of grazing not only induced changes in mean thickness of horizons 

andd stocks of organic matter, but also changed the variances (Figure 2.2). The impact of grazing 

wass most distinctive in the thickness and organic matter stocks of the F horizon (Figure 2.2A). 

Thee increase of total organic matter stocks was strongly related to the stocks in the ectorganic 

horizons.. Considering mean values, the impact of grazing in the moderately grazed site was less 

pronouncedd than in the heavily grazed site, but the variances (Figure 2.2B) showed a different trend. 



Inn the heavily grazed site there was a decrease of variance for all properties, whereas variances 

inn the moderately grazed site showed increases in the thickness of the F and E horizons and in 

thee organic matter stocks in the E horizon. Differences in variance did not result in changes in the 

spatiall correlation. As in the non-grazed area, in the grazed site there was no spatial correlation at 

sitee scale. 

Att the detailed scale not only did the means and overall variance change, but also the spatial 

correlation.. An example from one of the trenches (Figure 2.3B) shows thinner humus profile and lower 

variancess indicate that irregularities were smoothed. This agrees with the results of the detailed scale 

experimentt shown as modelled variograms. The thickness of both F (Figure 2.4A) and H (Figure 2.4B) 

horizonss showed a decreased sill and an increased range. In contrast to these results, variograms of 

thee thickness and organic matter stocks of the E horizon (Figures 2.4C and 2.4F) changed in another 

way:: variances increased and there was a distinctive difference between nugget and sill. The range of 

thicknesss of the E was of the same order as that of the F horizon. The range of total organic matter 

stockss (Figure 2.4C) was comparable to that of organic matter in the ectorganic horizons (Figure 2.4E). 

inn the latter variogram there was a strong increase of the sill. For the above ground biomass 

(Figuree 2 4D) the range was larger. This change in spatial pattern can also be seen in the frequency 

distributionn (Figure 2.5B) where the number of patches without vegetation increased. Field 

observationss showed that the tussock structure of the grass has disappeared. 

Discussio nn and conclusion s 
HumusHumus  profile  variability  in  the non-grazed  site 

Althoughh there was a large variation at the site scale, no spatial correlation was found. This implies 

thatt the measured site factors do not explain the variance in the non-grazed stand and also that 

theree was no other site factor causing significant spatial variability over larger distances. According 

too Emmer (1997), these results are opposite to those of Fanta (1986), who described a higher 

accumulationn rate of soil organic matter stocks on the north- and north-east-facing slopes; however, 

itt is possible that this kind of site was not captured in the 15 m sampling grid because of its low 

frequencyy of occurrence. 

Forr most properties variance at the detailed scale equals the variance at the site scale. This means 

thatt variation does not increase at distances larger than 5 m and that variances observed at the site 

scalee are the result of the detailed scale spatial variability. The thickness and stocks of organic matter 

inn the E horizons are exceptions, in that they show much lower variances at the detailed scale than 

onn the site scale. This could result from discrepancies in soil profile descriptions by different persons 

(Federer,, 1982). This is particularly relevant for the E horizon, which can only be identified by its 

slightlyy bleached nature. However, the means for both thickness and organic matter stocks show 

noo differences between the years. 

Att the detailed scale, variances of morphologic humus profile properties are probably generated by 

thee tussock structure of Deschampsia flexuosa. The lack of correlation between aboveground biomass 

andd humus profile properties can be explained by the difference in sampling size. The aboveground 

biomasss was sampled over an area of 625 cm , whereas the sampling area of the humus profile was 

onlyy 42 cm . 



Thee system studied is monospecific in both the tree and herb layers, but a more varied species 

compositionn of these layers may induce spatial variability, the scale of which will vary according to 

thatt of the layers. 

ImpactImpact  of  grazing  on humus  profile  variability 

Thee impact of grazing occurred at different scale levels. At the site scale variances of horizon thick-

nesss and organic matter stocks changed, but the site factors did not explain them. On steep slopes 

humuss profiles were often changed by trampling, but the area affected was less than 1 % of the 

grazedd sites and the phenomenon was missed by the 50 site scale sampling points. Therefore it is 

nott important in spatial terms. 

Thee impact of grazing on variances differed between the moderately grazed and the heavily grazed 

sites.. In the moderately grazed site, variances of thickness and stocks of organic matter increased. 

Thesee probably resulted from trampling and grazing at different locations, so that patches where 

humuss profiles were affected by trampling and compaction occurred next to patches where the 

profiless were changed by grazing. The tussock structure of the grass was preserved. The impact 

off trampling appeared first in the upper horizons. In the heavily grazed site, trampling was spread 

moree evenly and was more intense, resulting in more compact upper horizons with less spatial 

variability. . 

Att the detailed scale the sill decreased and the range increased with heavy grazing, meaning that 

thee gradients in the spatial patterns became less abrupt. The structure of the grass also changed; 

thee tussocks disappeared and there were many bare patches without vegetation. A pattern was 

createdd with steep gradients of humus profile properties between patches with small litter inputs and 

highh light intensities next to patches with large litter inputs and lower light intensities. This pattern, 

however,, did not result in steep gradients in thickness of horizons, probably because compaction 

smoothedd the humus profile. Moreover, variance in ectorganic stocks increased, possibly because 

rootstockss decreased and belowground inputs of organic matter from grass roots increased as a result 

off grazing. 

ImplicationsImplications  of  grazing  on the variability  at landscape  scale 

Whenn large-scale grazing is introduced, even in areas with a uniform herb layer, grazing intensities 

willl not be evenly spread (Wallis de Vries,, 1994) and a mosaic of patches with different grazing 

intensitiess develops. Grazing at moderate and heavy intensities also affected the vegetation structure. 

Oosterveldd (1978) showed that the boundaries between grazed and non-grazed patches became more 

pronouncedd with increasing grazing intensities, but when the grazing intensity exceeded a certain 

level,, the patches disappeared and a homogeneous grazed vegetation without spatial patterns 

emerged.. My results are similar and suggest that, at the landscape scale, spatial variability in humus 

profilee properties increases, giving a larger variability in plant growth conditions. However, in practice 

grazingg intensities are usually much less than in my experiments (Van Wieren et al., 1997), reaching 

thee experimental levels only locally. At lower intensities only minor changes in spatial variability can 

bee expected. Nevertheless, spatial variability can be enhanced by management aimed at short term 

andd locally high grazing pressures, for example by temporary fencing. 



ImplicationsImplications  for  sampling  strategies  and sample  sizes 

Itt is well known that spatial variability and spatial correlation are important aspects in the design of 

ann optimal sampling strategy. However, in forest ecosystems little is known about factors controlling 

spatiall variability, other than the site factors such as slope angle and aspect, distance to tree trunks 

orr presence of a buried podzol profile. The consequence is that the sampling strategy employed was 

basedd on a 'best guess', which can now be evaluated for its efficiency. 

Optimall sample spacing is larger than the range of the semivariograms (Webster and Oliver, 1990; 

Marriottt et al., 1997), because only outside this range are observations spatially independent. 

Thee tussock structure of the herbal layer seemed to be the main factor controlling the short-range 

spatiall variability of the humus profiles. This explains why the 15 m sample grid was effective in 

providingg reliable estimates for mean values of the properties investigated. At the detailed scale the 

rangee increased for both the aboveground biomass and the thickness of the F horizon, leading to an 

increasee in the optimal distance between sample locations. At this scale grazing is a regulating factor 

inn selecting a sampling design, but the primary factor determining the optimal sampling scheme still 

seemss to be the tussock structure of the herbal layer. 

Ass can be seen in Figures 2.3 and 2.4, variances of several properties strongly increase at very small 

distances.. Because of this short-range variability the small sample surface area of a monolith sampler 

cann give different results from larger sample sizes (e.g. 25cm x 25cm) in the assessment of mean 

valuess or variance in humus profile properties. When the purpose is to obtain reliable estimates for 

thee population means, a larger sample surface will probably give lower variances, but since it is 

moree difficult to separate the organic horizons, the sampling error will increase. A monolith 

samplerr allows more accurate sampling and is less time consuming, so more samples can be 

takenn per time unit. 

Iff the purpose of the study is to assess the spatial variability of soil and humus profile properties, 

samplingg of small surfaces as by the monolith sampler thus provides more reliable and accurate data. 

Inn sampling humus profiles, a proper strategy with regard to both sampling area and sampling 

distancess should be applied. This is particularly relevant for comparative and temporal studies on 

ecosystemm properties and processes in systems with more complex vegetation. Moreover, this study 

illustratess that, although mean values may be identical, variances and ranges in variability may 

differ,, which ecologically may be more relevant parameters than mean values. 
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33 Impac t of grazin g on the inpu t of organi c matte r 

andd nutrient s to the soi l in a grass-encroache d 

Scotss pine forest . 

WithWith A.M. Kooijman, Forest Ecology and Management, in press 

Abstrac t t 
Inn the Netherlands grazing is used as a measure to counteract grass-encroachment in Dutch 

pinee forests. A seven-year experiment with moderate and heavy grazing intensities vs. non-

grazedd control situations was performed to evaluate the impact of grazing on nutrient 

cyclingg in these forest ecosystems. In this paper changes in organic matter and nutrient 

inputt to the soil compartment due to grazing are quantified. 

Grazingg resulted in a 50% reduction of grass shoots, which was partly caused by a lower 

biomasss production (35%). Grass root production and input also decreased by about 30%. 

Totall litter input in the pine stand was only reduced by 20%, due to the lack of impact on 

treee litter input. The relative contribution of pine litter to the total litter input increased from 

aboutt 30% to 40%. 

Grazingg also reduced the input of nutrients, but reduction was not equal for all nutrients. 

Changess in nutrient input were not a result of changed nutrient concentrations in litter, but 

weree due to shifts in the relative contribution of different litter types. Potassium was most 

reducedd (30%) and reduction was mainly due to biomass consumption, while the input of N 

andd P (20-23% reduction) was mainly affected by decreased production of grass roots and 

shoots.. The input of Ca was least affected by grazing: 10% reduction. 

Reducedd input of fresh litterand nutrients and an increased contribution of pine litter may 

resultt in lower decomposition rates and presumably decreased nutrient availability. This may 

affectt biomass production and nutrient cycling through the grass layer. 

Keywords:Keywords: nutrient cycling, Pinus sylvestns, Deschampsta flexuosa, organic matter, roots. 



Introductio n n 
Inn The Netherlands many ecosystems, among which heathlands, dune areas and pine forests 

havee become dominated by tall grasses, at least partly due to atmospheric deposition of nitrogen 

(e.g.,, Aerts, 1989; Heij and Schneider, 1991; Kooijman e t a l , 1998). In open vegetation, this grass-

encroachmentt leads to a decrease in biodiversity; in forests, natural regeneration is also reduced. 

Grazingg by sheep or cattle is used to counteract these processes (Bokdam and Gleichman, 1989, 

Walliss de Vries, 1994; Kooijman and De Haan, 1995, Kuiters etaL, 1996). According to Olff and 

Ritchiee (1998) these ecosystems belong to the relatively infertile types in moist climates where 

grazingg is thought to have relatively large effects, because of a supposed shift from competition 

forr light to competition for nutrients. 

Whilee the effects of grazing on light availability are direct and obvious, indirect effects related to 

decreasedd nutrient cycling and productivity are also important (Kooijman and Smit, in press). In large 

partss of the area grazers remove aboveground biomass, which leads to a decrease in input of organic 

matterr and nutrients to the soil. Because of this consistently lower nutrient input the overall nutrient 

availabilityy probably decreases (Mcintosh, 1997) and productivity of the grazed vegetation as well 

(Vickery,, 1981; Belsky, 1986; Putman, 1986). Nutrient losses in the form of consumed biomass can be 

compensatedd by urine deposition (Day and Detling, 1990), but this remains a local effect. 

Mostt studies on the impact of grazing on nutrient cycling were performed on grasslands or pastures. 

However,, in forest areas the situation is more complicated, because the grazed vegetation is overgrown 

byy trees, which are not directly affected by large herbivores. Browsing may be important in forests 

(Pastoretal ,, 1993), but in Dutch pine forests the trees are not browsed because they are too high. 

Thee trees may alter the effect of grazing in different ways. Firstly, the reduction in total litter input 

duee to the lower input of grass litter is probably less than without trees, because tree litter input 

remainss the same. This implicates that total nutrient input may be only slightly reduced and the 

effectt of grazing is restricted. Secondly, pine litter is less decomposable than grass shoots and roots 

(Dijkstra,, 1998), and a larger proportion of pine litter may therefore lead to lower litter decomposition 

ratess and nutrient cycling, which amplifies the effects of grazing 

Inn order to study the impact of grazing on nutrient cycling in pine forests an experimental study 

wass performed (with different grazing intensities). The aim of this chapter is to quantify changes in 

organicc matter and nutrient input due to grazing in Dutch pine forests and to assess the contribution 

off biomass consumption and reduced production of grass shoots and roots. Changes in decomposition 

ratess and nutrient availability are treated in the following chapter. 

Material ss  and Method s 
StudyStudy  area and experimental  design 

Thee study area is in a former drift sand area north of Kootwijk (5''46'E, 52C10'N, 30 m above sea 

level)) in The Netherlands. Mean annual precipitation is 757 mm, and during the experiment annual 

precipitationn varied between 602 and 959 mm (Van Boxel and Cammeraat, 1999). In 1928, Scots 

pinee (Pmussylvestns L.) was planted to stabilise the drift sand. Tree density is 350 trees per ha, tree 

heightt is 10-15 m. The sand is highly quartzitic and well sorted (Koster, 1978). The soils are classified 

ass Haphc Arenosols (FAO, 1998) and have a Mormoder humus form (Green e t a l , 1993). The herb 



layerr is dominated by Deschampsia flexuosa (L.)Trin., with some patches of Vaccinium myrtillus L. Soil 

andd vegetation development are similar to other forest stands of similar age on drift sand as 

describedd by Emmer (1995a). 

Inn a homogeneous stand, three rectangular sites of 1 ha were fenced. In 1990, prior to the first 

grazingg period all sites were sampled to document their initial composition and test whether initial 

differencess existed between them, which was not the case (Kemmers et al., 1996). In each site, 

500 humus profiles were sampled (Sevink et al., 1993) in a rectangular grid (15x15 m spacing), at 

11 m north of the grid point. The first site was used as a control and was not grazed. In some cases a 

secondd control site, directly adjacent to the heavily grazed site and logisticaIly more convenient, was 

used.. Differences between the two control sites were tested with a Student's t-test and appeared not 

significantt (a = 0.05). The 'heavily' grazed site was grazed every summer for a period of 20 days by 

fivee cows. After this period, no edible grass was left. The 'moderately' grazed site was grazed for half 

off this period by the same cows, either earlier than or following the grazing in the heavily grazed site. 

Thee first grazing period was in June 1990, the last in June 1996. 

AbovegroundAboveground  biomass  of  the grass  layer 

Crasss iitter input was not measured directly, but in order to get an estimation of this under grazed 

(bothh heavily and moderately) and non-grazed (first control) conditions, July standing crop was used, 

byy lack of any other turnover rate for Deschampsia flexuosa found in literature. The standing crop 

wass measured in July 1994 and July 1996 in 50 plots of 25x2 5 cm per site according to the sampling 

grid,, at 1 meter south and west of the grid points respectively. A lower standing crop and as such 

litterr input under grazed conditions may be a result of both direct consumption and decreased 

productivity.. The latter was estimated as July standing crop of living biomass in 1997, the first 

yearr after the end of the grazing regime, in ten randomly selected grass plots of 50x50 cm per site. 

Thee heavily and moderately grazed plots were compared with the first and second control plots 

combined,, because differences between these plots were not significant. In order to estimate 

differencess in nutrient content between living biomass and grass litter under grazed and non-grazed 

conditions,, living and dead grass shoots were sampled in November 1997 in ten randomly selected 

plotss in the heavily grazed and in the second control site. 

Alll samples were dried at C for 48 hours and weighed. Contents of C and N (g/kg) were measured 

onn a CNS Elemental Analyser. For determining contents of K, P, Ca, Mg, Fe and Al (g/kg) samples 

weree digested with HCI/HNO; in the microwave-oven (Bettinelli et al., 1989) and elements were 

measuredd on an ICP-OES (Inductive Coupled Plasma Optical Emission Spectrometer). Input of 

nutrientss to the soil was estimated by multiplying the means of nutrient concentrations in litter 

andd input of organic matter. The input of K was calculated using concentration in fresh leaves and 

needles,, because K will leach and reach the soil before Iitter does. 

BelowgroundBelowground  biomass  of  the grass  layer 

Thee input of grass roots to the soil compartment was estimated in two different ways: via rootstocks 

andd via ingrowth cores. Stocks of grass roots were sampled in July 1992, 1994 and 1996 with a 

monolithh sampler (Wardenaar, 1987) in the 50 plots per site according to the grid. After drying at 29 



70"C,, fine grass roots ( < 2mm) were separated from soil organic matertal by hand picking and 

weighed.. The input of dead grass roots to the soil compartment was estimated by multiplying these 

rootstockss by a turnover rate of 0 96 y (Aerts et al., 1992). Roots and rhizomes were sampled in 

Novemberr 1997 for the analysis of nutrient contents in the same plots used for aboveground biomass 

sampling.. In the laboratory, living roots and rhizomes were separated from soil samples and the 

remainingg mineral particles were rinsed off with demineralised water after which roots and rhizomes 

weree dried at 70 ' C and analysed as described for aboveground biomass. 

Apartt from the root input calculated from stocks and turnover rates, which may give an overestimation 

off the real root input, mesh bag ingrowth cores (Persson, 1990; Steen, 1991) were used to test 

differencess in root growth between grazed and ungrazed conditions. Mesh bags (mesh size 2mm) 

withh a volume of 1500 cm (depth 0-30 cm), filled with sieved sand (organic fragments and roots 

removed)) were placed in a hole drilled with a monolith sampler. In both the heavily grazed and the 

firstt control site, 25 bags were placed at randomly selected locations. Bags were removed after 3 

(nn = 5), 6 (n = 10) and 12 (control: n = 7; grazed: n = 9) months and dried at 70" C for 48 hours. Sand 

wass removed by gently shaking the bags; pine and grass roots were separated and weighed. Length 

measurementss were performed on roots collected after one year, via image analysis (TNTmips 5.7). 

LitterLitter  input  from  trees 

Treee litter fall was measured from May 1997 to December 1998 with litter traps of 2.5*2.5m, 

whichh were placed about 1 meter above the ground. Two traps were placed in the first control and 

bothh grazed sites and one in the second control site. The traps were emptied every month and litter 

wass dried at , needles, branches and cones were weighed separately. In October 1996 fresh 

needlee litter was sampled in the second control site and nutrient concentrations were determined; 

itt was assumed that needle litter nutrient concentrations were not (yet) seriously affected by 

grazing.. In July 1997 living needles were collected by clipping 1-2 branches of three trees in 

eachh of the four sites for the determination of nutrient contents. Chemical analyses were carried 

outt as described before. Nutrient concentrations of twigs and cones were not determined but 

nutrientt input via twigs and cones were estimated via dry weight and nutrient concentrations 

givenn by De Vries et al. (1990). 

Treee root growth was measured with ingrowth cores, as described for grass roots. Pine rootstocks 

couldd not be measured because the dried roots fell apart when touched and could not be separated 

fromm organic soil samples. Estimation of pine root input was therefore based, besides on the root 

ingrowthh experiment, on root stock data and turnover rates given by Persson (1979) and 

Dee Vries etal. (1990). 

SoilSoil  organic  matter  and nutrients 

Inn order to be able to relate litter input data to soil stocks of organic matter and nutrients, in July 

19977 the humus form was sampled in the same plots as for above ground biomass. The samples were 

dividedd into L and F combined, H and Ah horizons (according to Green et al., 1993). The nutrient 

contentt of the LF horizon was analysed as described before for biomass samples. Because of the high 

300 proportion of sand to organic matter in the H horizon, nutrient contents were estimated via extraction 



withh 0.125 M BaCI. (Van Wesemael, 1993) and converted to total stocks, using the ratio between 

totall and exchangeable fractions according to Wessel and Tietema (1995). 

StatisticalStatistical  analysis 

Onee way ANOVA with grazing treatment as independent parameter was used to test whether 

differencess between grazing treatments were significant for measured stocks and nutrient contents. 

Whenn only two treatments were available for comparison, an 'independent sample t-test' was used 

Differencess were considered significant, when probability level was lower than 0.05. 

Factorr analysis (PCA, SPSS 8.0) was performed to test whether there were differences between 

thee treatments or between different types of litter, based on nutrient concentrations. 

Result s s 
ImpactImpact  of  grazing  on litter  production 

Thee aboveground biomass and rootstocks of Deschampsia flexuosa show temporal fluctuations, 

whichh correspond to differences in precipitation between the successive years (Van Boxel and 

Cammeraat,, 1999), (spring) droughts leading to lower biomass and relatively wet years leading to 

higherr biomass. Despite these year-to-year fluctuations, grass standing crop is strongly decreased 

duee to grazing, as indicated by the 1994(5 years of grazing) and 1996 (7 years of grazing) above 

groundd biomass, which was 50% lower in the heavily grazed site (Figure 3.1). The indirect effect of 

grazingg is apparent in reduced biomass production measured in 1997, the year following the end 

off the grazing treatments. In the moderately grazed site, this reduction is 20% and in the heavily 

grazedd site biomass production is significantly reduced by 35%. 

Figuree 3.1 Above ground grass biomass in three experimental sites; Dark grey: maximum standing crop; 

tightt grey: left-over after grazing. Significant differences between grazed and non-grazed plots are indicated by *. 
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Rootstockss showed a significant decrease in the grazed sites in all years (Figure 3.2). In 1996, after 

77 years of grazing, stocks of fine grass roots under grazed situations were reduced by 20-30%. 

Althoughh temporal patterns in grass root production, estimated through ingrowth cores, differed 31 1 



betweenn the heavily grazed site and the first control site, after 12 months root growth in the grazed 

sitee was significantly lower than in the control site, both in length and weight (Figure 3.3). The weight 

too length ratio did not differ significantly, which indicates that at both sites roots had comparable 

thickness.. Pine roots were less abundant in the cores; differences in growth of pine roots between 

thee grazed and the control site were not significant. 

Figur ee 3.2 Stocks of fine grass roots in three experimental sites. 
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Figuree 3.3 Roots of Deschampsia flexuosa and Pinus sylvestris in ingrowth cores. Figure 3.3A : root weight after 3, 6 and 12 

months;; Figure 3.3B: root length after 12 months. Significant differences (p < 0.05) between grazed and controi site are 

ndicatedd by * 
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Thee tree litter fall fluctuated between seasons for all three components (needles, cones and branches) 

ass indicated by the time lag between the period of main needle fall in autumn and the input of pine 

coness in early summer (Figure 3.4). The cumulative amounts of tree litter input showed no 

distinguishedd differences between the grazing treatments. 



Thee total litter input of grass shoots and roots and pine litter combined may be reduced with about 

20%,, which is less than the reduction of input from the grass layer (both roots and shoots) alone, 

becausee of the lack of impact of grazing on tree litter input (Figure 3.5). 

Figuree 3.4 Cumulative tree litter fall in 1997 and 1998 
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Figuree 3.5 Total litter input from grass biomass and trees combined, under heavily grazed and non-grazed conditions after 

sevenn years of grazing. Significant differences between grazed vs. non-grazed situations are indicated by an * 
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ImpactImpact  of  grazing  on nutrient  input 

Underr grazed conditions, only dead leaves of Deschampsia flexuosa had significantly lower N and P 

concentrationss than under non-grazed conditions (Table 3.1). Fresh grass leaves and other sources of 

litterr showed no differences in chemical composition between grazed and control situations. However, 

thee various sources of litter are clearly differentiated from each other, which is also indicated by high 

eigenvaluess for both axes from the factor analysis and an explained variance of 79% with only two 

factors.. The data in Table 3.1 furthermore show, that the fresh grass leaves and needles had higher N, 

PP and K concentrations than standing dead grass and needle litter The high concentrations of Fe and 33 3 



All in grass roots are very similar to those of the LF material. This suggests that roots constitute an 

importantt input for the LF material, which is in line with observations by Emmer (1995b) and Nierop 

(1999)) in non-grazed Scots pine ecosystems. 

Sincee nutrient concentrations in most forms of litter are not (yet) affected after seven years of grazing, 

changess in nutrient input due to grazing are mainly the result of shifts in the relative contribution of 

differentt litter types. This is illustrated by Figure 3.6 in which the net impact of heavy grazing on 

nutrientt input to the soil is presented, scaled against the nutrient stocks in soil organic matter. 

Thee input of K is most strongly affected by grazing due to the strong decrease in grass shoots, with 

highh K contents. The inputs of N and P are mainly reduced due to the lower grass root input. Calcium 

mostlyy comes from the trees, which are not affected by grazing, so the total decrease in Ca input is 

relativelyy low. The reduction in input of Mg is intermediate between that of N and P, and Ca, because 

thee input of this nutrient by grass roots and needles is rather similar. 

Tablee 3.1 Nutrient concentrations (mg.g ) in biomassand litter. Significant differences (p < 0.05) between the grazed sites 

andd the (second) control site are indicated by an *. 
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freshh needles control 3 16.6 0.60 1.07 0.09 5.71 0.06 2.33 0.14 0.77 0.11 0.11 0.03 0.18 0.07 

moderatee 3 16.9 2.76 1.12 0.13 5.98 0.68 2.55 0.47 0.80 0.16 0.14 0.05 0.20 0.06 
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Figuree 3.6 Input through litter input (curved arrows), export through consumption (straight arrow) of Organic Matter, 

N,, P, K, Mg and Ca, after seven years of grazing. All arrows are in g.m \y and stocks in the soil are in g.m . Left-side: 

control;; right-side: grazed. 
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Discussio n n 

Despitee uncertainties in some input fractions the results clearly show that even in pine forests grazing 

hass a significant impact on litter input. Standing crop, and thereby the input of grass shoots to the soil 

compartmentt after seven years of heavy grazing has decreased by 50%. This reduction is not only due 

too consumption, but also to a decrease in shoot productivity. After seven years of grazing, the July 

standingg crop of grass shoots was up to 35% lower under grazed conditions. Measurements of the 

amountss consumed appeared to be incorrect and are thus not shown, but the above ground reduction 

inn productivity suggests that the importance of direct consumption strongly decreases. Input of grass 

roots,, although not eaten, also decreased, probably because the reduced shoots cannot maintain the 

samee root biomass as before (Rodriguez et al., 1995). 

Roott production in the ingrowth cores decreased even more under heavily grazed conditions. 

Thee amounts of root biomass in the cores were however much lower than root biomass in the soil, 

whenn measured as rootstocks, multiplied with the turnover rate of 0.96 y derived from Aerts et al. 

(1992).. This difference may be caused by the sandy fillings of the cores, which offers higher mechanical 

resistancee and lower nutrient availability than the very loose F horizon, the main rooting location 

(Steen,, 1991; Vogt, 1998). The reduction in root litter input amounts to 25% and the combined 

reductionn in input of grass shoots and roots leads to a total reduction of understorey litter with 

30%,, i.e. 250 g.m :. 

Becausee the input of pine litter remained largely unaffected, at the ecosystem level heavy grazing 

resultedd in a total reduction of litter input with 20% instead of 30%, However, qualitative changes 

inn litter input may surmount the quantitative changes, because pine litter increases in significance; 

itt accounts for 30% under non-grazed conditions and amounts to 40% tn the heavily grazed site. 

Thiss may imply a drop in decomposabiiity, because pine litter supposedly has lower rates of 

decompositionn than grass litter (Dijkstra, 1998). 

Thee decomposabiiity of litter under grazed conditions may also decrease because of the lower 

nutrientt input (Hobbs, 1996). The input of nutrients to the soil compartment decreases with the 

inputt of litter, but not equally so and different nutrients seem to be affected differently. Plant 

macronutrientss such as N, P and K are affected most, and with 23% (N and P) and 30% (K) the 

decreasee is higher than expected, based on the total decrease in organic matter. This is partly due to 

thee large decrease in grass roots, of which N and P concentrations are relatively high and resorption 

fromm dying roots is negligible (Aerts et al., 1992). Also the decrease of N and P input via grass shoot 

litterr is relatively large due to increased retranslocation of nutrients from the dying leaves under 

grazedd conditions. The decrease in K input is mainly caused by the 50% reduction in grass shoots, 

whichh have high concentrations of K. Input is particularly through leaching (Lambers et al., 1998) 

andd to a lesser extent to shoot litter input, as evidenced by farge differences on K concentrations 

betweenn living and dead grass shoots. The input of Ca is only reduced with 10%, because of the high 

contributionn of Ca input by tree litter. 

Thee impact of decreased nutrient input on nutrient cycling depends on the nutrient stocks already 

presentt in the soil. The yearly input of N and P is rather small, compared to the stocks and reduced 

inputt is not expected to reduce stocks in the soil at short term. The reduction in K input is expected to 

366 be of higher importance, since the yearly input is relatively large. However, based on a decreased 



nutrientt input and an expected reduction in litter decomposition, due to a shift in litter quality, we 

mayy hypothesise that nutrient availability will decrease due to grazing. This hypothesis will be tested 

inn the following chapter. 

Conclusion s s 
•• The impact of grazing on the input litter is mainly indirect, through reduced production of grass 

rootss and aboveground biomass of the herbal layer. The direct impact, the export of grass shoots 

andd nutrients contained in these, ts less important. 

•• Crazing affects litter quality through a relative increase of tree litter and reduction of the mam 

sourcee of input; the grass roots. 

•• Crazing leads to an overall decrease of nutrient input and presumably slower cycling of these 

nutrients,, connected with a decreased importance of the grass layer for cycling. 

•• Crazing has more impact on the input of the macronutrients N and P and especially K; the input 

off Ca is least affected. 
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44 Impac t of grazin g on litte r decompositio n 

andd nutrien t availabilit y in a grass-encroache d 

Scotss pine forest . 

withwith A.M. Kooijman and J Sevink, submitted to Forest Ecology and Management. 

Abstrac t t 
Inn a grass-encroached Scots pine forest, grazing was found to reduce the above ground and 

beloww ground biomass production of Deschampsia flexuosa. This led to a reduction in the 

inputt of litter and nutrients to the soil (Chapter 3). Its consequences for decomposition rates 

andd nutrient availability were studied in a seven-year experiment with two grazing 

intensitiess and non-grazed control in a pine stand. 

Decompositionn of fresh litter (needles and grass leaves) was not different between grazed 

andd non-grazed sites. There were differences between nutrients in turnover rates, which may 

bee important as to which nutrient becomes (the most) limiting. The net release of N was 

relativelyy slow and a 30% decrease in N-availability, as suggested by a decrease in 

N-mineralisationn and BaCI2-extractable ammonium, did not occur before seven years of 

grazing.. In contrast, K leached very rapidly from dying and dead needles and grass leaves. 

Potassiumm availability in the soil was reduced already after a few years of grazing. Calcium 

levelss in the soil increased due to the increasing importance of Ca-rich pine needles and 

becausee Ca is preferentially bound to the soil exchange complex. The reduced availability of 

bothh N and K may at least partly explain the reduced biomass production of the grass 

vegetation. . 

Keywords:Keywords: forest grazing, decomposition, nutrient availability, Deschampsia flexuosa 



Introduction n 
Inn the Netherlands many ecosystems, among which heathlands, dune areas and pine forests 

havee become dominated by tall grasses, at least partly due to atmospheric deposition of nitrogen 

(e.g.,, Aerts, 1989; Heij and Schneider, 1991; Kooijman et al., 1998). In open vegetation types, grass-

encroachmentt leads to a decrease in biodiversity, while in addition, in forests natural regeneration is 

reduced.. Crazing by sheep or cattle is used to counteract this process (Bokdam and Gleichman, 1989; 

Walliss de Vries, 1994; Kooijman and De Haan, 1995; Kuiters et al., 1996). According to Olff and 

Ritchiee (1998), grazing has relatively large effects on the relatively infertile ecosystems in moist 

climates,, because of a change in plant competition from light to nutrients. 

Wee executed an experimental study on the effects of grazing on carbon and nutrient cycling in 

Scotss pine forests. In this experiment, grazers removed aboveground biomass, which led to a decrease 

inn input of organic matter to the soil (chapter 3). The lower biomass also led to higher irradiation, 

probablyy higher soil temperatures and possibly concurrent higher rates of litter decomposition 

(Crawley,, 1983; Jansson and Berg, 1985; Codteaux et al., 1995). As a result, carbon stocks in the 

soill may decrease. However, rates of litter decomposition may also decrease, e.g. because of a shift 

inn litter quality (Pastor et al., 1993): the importance of pine litter relative to grass litter increases and 

pinee litter may be less decomposable than grass shoots and roots because of their higher lignin 

contentt (Dijkstra, 1998). A lower litter input due to grazing also means a lower nutrient input to the 

soill and a probable decrease in the overall nutrient availability (Mcintosh, 1997) and productivity of 

thee grazed vegetation as well (Vickery, 1981; Befsky, 1986; Putman, 1986). Nutrient losses through 

consumptionn of biomass can be compensated by urine deposition (Day and Detling, 1990), but this 

remainss a local effect. 

Tablee 4.1. Yearly litter input to the soil compartment and export through consumption of organic matter and nutrients 

(g.mm .y ) Data derived from chapter 3. 
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pinee roots 
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grasss roots 
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Inn the previous chapter the changes in litter and nutrient inputs due to grazing were discussed 

(seee also Table 4.1). Above ground grass biomass appeared to be 50%% lower and the production of 

abovee ground biomass 35% lower in grazed conditions than under non-grazed conditions. Litter input 

wass however especially affected through the 30% decreased root production, the latter being a mam 

sourcee for soil organic matter. Total litter input decreased by 20% and, since tree litter input remains 

unaffected,, the significance of tree litter compared to dead grass roots and shoots increased by 10%. 

Thee input of nutrients by litter similarly decreased; N and P by 2 0 - 2 3 % and K by 30%. 

Thiss chapter deals with the impact of grazing on litter decomposition and nutrient availability. 

Moree specifically the following questions will be answered: i) Does grazing lead to increased rates 

off decomposition?; ii) Does grazing lead to a decrease in nutrient availability!1 

Material ss  & Method s 
ResearchResearch  area and experimental  design 

Thee study area was located in a drift sand area north of Kootwijk (5Ü46'E, 52'J10'N, 30 m above sea 

level)) in The Netherlands. In 1928, Scots pine (Pinus sylvestris L.) was planted to stabilise the drift 

sandd (350 trees per ha). The sand is highly quartzitic and well sorted (Koster, 1978), The soils are 

classifiedd as Haplic Arenosols (FAO, 1998) and in the mineral soil some slight development of an 

AA or AE horizon occurred, sometimes with some organic matter mixed in, but never deeper than 5 cm. 

Onn the acidic sand, a Mormoder humus form (Green et al., 1993) has developed with distinct horizon 

differentiation.. The herb layer was dominated by Deschampsia flexuosa (L.) Trin., with some patches 

off Vaccinium myrtillus L. Soil and vegetation development are similar to other forest stands of similar 

agee on drift sand as described by Emmer (1995a). Data on input of organic matter from grass roots 

andd shoots were derived from estimations on standing biomass and turnover rates. Tree litter fall was 

measuredd by using litter traps. Nutrient input was calculated by using litter input and nutrient 

contentss of the various litter types. Methods are extensively described in Chapter 3. 

Inn the stand, three rectangular sites of 1 ha were fenced. The first site was used as a control and was 

nott grazed. The heavily grazed site was grazed every summer for a period of twenty days by 5 cows. 

Afterr this period, no edible grass was left. The moderately grazed site was grazed for half of this 

periodd (ten days) by the same 5 cows. The first grazing period was in 1990, the last in 1996 

LitterLitter  decomposition 

AA litterbag experiment was used to estimate the possible effects of altered conditions on 

decompositionn rates of grass and needle litter between grazed and non-grazed situations over a 

one-yearr period. In October 1996, fresh needle litter and standing dead grass shoots were collected 

justt outside the heavily grazed site to fill 360 polyethylene litterbags (15x10 cm) with three grams 

off litter; mesh size was 300 Lim (grass) or 1000 pirn (needles). In November 1996 the litterbags were 

distributedd over 10 plots in the control site and 10 plots in the heavily grazed site; from each plot one 

bagg was retrieved after 2, 4, 12, 16, 20, 24, 32, 42 and 52 weeks. After four weeks of field incubation 

aa one-month period of severe frost occurred, which interrupted decomposition. Litterbags were dried 

att 70 g Cfo r48 hours and the litter was weighed. The material of 0, 12, 24 and 42 weeks was ground 

andd used for nutrient analyses. Concentrations of C and N in all litterbags were measured via a CNS 



analyzer.. Concentrations of P. K, Ca and Mg were determined on composite samples, consisting of five 

replicates,, which were digested with a HNO /HCI mixture in the microwave (Bettmelh et al . 1989) 

Concentrationss were measured in these extracts on an ICP-OES Nutrient stocks in the litterbags were 

correctedd for weight loss. 

N-mineralisation N-mineralisation 

Inn 1990, 1992 and 1994 the LF and H horizons were sampled for determination of potential 

N-mmeralisation.. Twenty random samples in the control site and both grazed sites were combined to 

onee composite sample per horizon per site. Since composite samples give only mean values, in 1996 

fivee plots were individually sampled and not combined. Because the 1990 sampling method differed 

slightlyy from that of later years, the 1990 data were used only to determine initial differences in soil 

propertiess between plots and not for further comparisons. Initial differences were not significant 

(Kemmersetal.,, 1996). 

Differencess in potential N-mineralisation were measured as an indication for differences in 

NN availability Samples for N-mmeralisation experiments were kept at field moisture and were 

processedd immediately after sampling. After removing the roots, from each sample 10 subsamples 

weree taken, of which five were analysed immediately, the other five were incubated in petri dishes for 

fourr weeks (moisture content 300% w/v ; 20 C) and then analysed in the same way. Concentrations 

off N H / and NO were measured colon metrical ly in a 1 M KCI extract (w/v 1:25) by means of a 

continuouss flow auto analyzer. The increase in NO ; concentrations after four weeks was interpreted 

ass net nitrification and the increase of the summed NH :
+ and NO, concentrations were interpreted 

ass net mineralisation. 

ExtractableExtractable  nutrients 

Inn 1990, prior to the first grazing period, and after 3 (1992), 5 (1994) and 7 (1996) grazing periods 

thee humus profile was sampled for determination of pH and organic matter content at 50 points per 

site,, placed at the intersections of a rectangular grid (15x15m) The L, F, H horizon and the upper 

55 cm of the mineral soil, further referred to as A horizon, were sampled separately. For all soil samples 

aa monolith sampler was used, having a sampling surface of 42cm (Wardenaar, 1987). 

Inn 1990, 1992 and 1994 the LF, H and A horizons were sampled for determination of extractable 

nutrients.. Twenty random samples in the control site and both grazed sites were combined to one 

compositee sample per horizon per site. Since composite samples give only mean values, in 1996 five 

plotss were individually sampled and not combined (same plots as for N-mmeralisation). This strategy 

wass repeated in 1997 with eight individual plots in the heavily grazed site and eight plots in a second 

controll site, directly adjacent to the heavily grazed site. Because the 1990 sampling method differed 

slightlyy from that of lateryears, the 1990 data were used only to determine initial differences in soil 

propertiess between plots and not for further comparisons. Initial differences were not significant 

(Kemmersetal.,, 1996). 

Thee grid point samples were used for pH, which was measured potentiometrically in suspensions of 

soill material in distilled water and 1 M KCI; weight, volume ratios (soil.liquid) were 1 10 for organic 

422 samples and 1:2.5 for mineral samples. 



Ass another measure for nutrient availability, in addition to the N-mineralisation as described above, 

extractablee cations were estimated Samples for extraction were air dried and extracted with a 

0.1255 M BaCI. solution (soil/solution 1:25 (w/v)). K, Na, Ca, Mg, and Mn were determined in 

thee extract by an AAS or ICP-OES, NH : with an auto analyzer. Extractable acidity was measured by 

meanss of a titration of the extract with 0 02 M NaOH to pH 8.3 in a N atmosphere (Thomas, 1982) 

Thiss fixed endpomt may overestimate the acidity values, but this overestimation is small. The CEC .... 

wass calculated by summing the extractable acidity and cations without Na (mainly water soluble), 

expressedd as mmol .kg OM and base saturation was calculated as the sum of [K], 2[Ca] and 2[Mg] 

ass part of the CEC ..... Extractable cation contents are expressed as percentage of the CEC .... The 

remainingg parts of the samples were dried at 7 0 ' C and ground for analyses on nutrient contents. 

TotalTotal  stocks 

Inn 1990, priorto the firstgrazmg period, and after 3 (1992), 5 (1994) and 7 (1996) grazing periods 

thee humus profile was sampled for determination of organic matter content at 50 points per site, 

placedd at the intersections of a rectangular grid (15x15m). The L, F, H and the A horizon, were sampled 

separately.. For all soil samples a monolith sampler was used, having a sampling surface of 42cm 

(Wardenaar,, 1987). 

Inn 1997 eight plots in the heavily grazed site and eight plots in a second control plot, directly adjacent 

too the heavily grazed site, the LF, H and A horizons were sampled separately for determination of total 

stockss of nutrients (same as for extractable nutrients). 

Forr loss on ignition (LOP'o), a measure of the organic matter content, dried and ground samples were 

heatedd to 550 : C for 16 hours Concentrations of N in all soil samples were analysed via a CNS- analyser. 

Otherr nutrient contents of the LF horizon were determined via digestion as described for the litterbag 

samples.. This method was not useful for the H and A horizons, since mineral parts were partly 

digestedd and nutrient contents of organic matter were overestimated (Emmer and Verstraten, 1993). 

Forr these horizons, the extractable nutrient concentrations were converted to total stocks, by using 

thee ratio between total and extractable fractions, according to Wessel and Tietema (1995). Stocks 

off total and available nutrients were calculated with stocks of organic matter. Due to high spatial 

variabilityy (Chapter 2), significant differences in stocks of organic matter between grazed and 

non-grazedd situations were not found and nutrient stocks were calculated by using equal values 

off organic matter stocks for all sites. Therefore, significant differences in nutrient stocks in the soil 

representt differences in concentrations only. 

StatisticalStatistical  analyses 

Differencess between grazed and non-grazed situations were tested using One Way ANOVA and t-test 

withh grazing treatment as independent parameter. Differences were considered significant when the 

probabilityy level was lower than 0.05. 
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Result s s 
LitterLitter decomposition 

Thee decomposition of fresh litter in the litterbags showed low variation between replicates (Figure 4.1) 

Crazingg had little effect on weight loss. For a short period in spring, weight loss of needles in the 

grazedd site was significantly larger than in the control site, but overall decomposition rates did 

nott differ. This suggested that differences in decomposition conditions due to grazing, such as 

temperaturee and soil moisture, did not significantly affect decomposition of fresh litter. 

Figuree 4.1 Remaining dry weight (% of initial amount) as a function of time in decomposing grass leaves {Deschompsia 

flexuosa)flexuosa) and Scots pine needles. The different lines represent grass leaves, control ( • ); grass leaves, grazed ( I ); needles , 

controll ( V ); needles, grazed ( T ) Significant differences between grazed and control situations are indicated by + 

gras ss leave s needle s s 

o o 

timetime  (weeks) 

00 10 

timetime  (weeks) 

++ + 
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Whilee it was expected that grass weight loss was larger than that of needles, this was not the case. 

Afterr one year, the weight loss of the grass litter was less than 30%, while needle litter lost 40% of 

itss weight, which may partly be due to differences in mesh size between grass litterbags and needle 

itterbags.. It may also be that, after another year, the final amount lost by decomposition is higher 

inn grasses. Crass shoot decomposition was reported to continue at more or less constant rates for 

2-2.55 years (Van Vuuren, 1992), while decomposition rates of Scots pine needles decrease after 

11 year and even more after two years (Berg et af, 1998). 

Thee amount of N in the litterbags increased in all cases (Figure 4.2). Carbon to N ratios in the 

needlee litter decreased from 68 to 32 during the incubation time and in grass litter C to N ratios 

decreasedd from 78 to 41. Phosphorous stocks in the litterbags did not change. The amount of K 

showedd first a rapid decrease for both needle and grass litter, after which they remained constant. 

Initiall concentrations of K in litterbags were very small compared to K concentrations in living grass 

shootss or needles (15 mg.g and 5.7 mg.g respectively, chapter 3), which indicates that most K has 

alreadyy been leached when leaves or needles are dead. The amount of Ca remained nearly constant 

inn the grass litter, but showed a decrease in needle litter. The slow decrease of Mg in both types of 



litterr is intermediate between K and Ca. Differences in rates of release between K, Mg and Ca 

conformm to results of Wessel and Tietema (1995) on decomposition of Douglas fir needle litter and to 

Staaff and Berg (1982) on decomposition of Scots pine needle litter. 

Figuree 4.2 Total amounts of N, P, Kr Ca and Mg (mg perg initial litter) as a function of time in decomposing grass leaves 

(Deschampsia(Deschampsia flexuosa) and Scots pine needles. The different lines represent grass leaves, control f I ); grass leaves, 

grazedd ( • ); needles, control ( V ); needles, grazed ( • ). 

OO 10 20 

timetime (weeks} 

00 6 

0.55 . 

0.44 . 

55 0.3 
"5 5 

ff 0.2 

\\ o.i 

I11 0.0 00 10 20 

timetime (weeks) 

1 1 

1.55 _ 

^ ^ 
££ 1.0 _ 

gr
gr

 i
n

iti
a

l 
p 

p 
un

 n
 

\ \ ^ ^ g'no o 

K K 
\ \ 

\ \ 
\ \ 

^ ^ g ^ ^ ff -~-"££| 

00 10 20 

timetime (weeks) 

00 10 20 

timetime (weeks) 

00 10 

timetime (weeks) 

N-mineralisation N-mineralisation 

Thee results from the N-mmeralisation experiment (Figure 4.3) give an indication for the potential net 

nitrificationn and net mineralisation under optimal conditions Net mineralisation was higher in the LF 

horizonn and differences between the grazing treatments were larger in this horizon than in the H 

horizon.. In the control site, net mineralisation was more or less constant over the years. In the heavily 

grazedd site, N-mineralisation first increased and reached a peak after three years of grazing (1992). 

Laterr it showed a decrease, illustrated by the significantly lower net mineralisation after seven years 

off grazing, which amounted to a 3 0 % decrease. Mineralisation of the LF material in the moderately 

grazedd site was comparable to the control site. 45 5 



Figuree 4,3 Net nitrification (black bars) and total net mineralisation (grey bars) after four weeks of incubation in LF and H 

horizonss from the control (c), moderately grazed (m) and heavily grazed (h) sites. 
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ExtractableExtractable nutrients 

Duringg the grazing experiment the pH(H ;0) values were 3.5-4.1 in the LF horizon and 3.3-3.7 in 

thee H and A horizon. Values for pH(KCI) were 2.7-2.9 (LF horizon), 2.5-2.7 (H horizon) and 3.0-3.3 

(AA horizon). There were some differences between the years, which most likely can be attributed to 

seasonall fluctuations in temperature and precipitation. However, since there were no differences 

betweenn the grazing treatments, this cannot be an impact of grazing. 

Figuree 4.4 CECe.. in the LF and H horizons in the control, moderately and heavily grazed sites in 1992, 1994, 

19966 and 1997. 
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Thee cation exchange capacity (CECeff) fluctuated in time, both in the LF horizon and in the H horizon, 

butt differences between the grazing treatments were small and mostly not significant (Figure 4.4). 

Thee base saturation was more constant in time; in the LF horizon there was again no clear impact of 

grazingg (Figure 4.5). In contrast, in the H horizon, the base saturation was higher in the grazed site 

afterr seven years of grazing. More important than this increase, however, is the shift in cations that 

contributee to this CECeff due to grazing. Potassium showed a significant decrease in the heavily 

grazedd site in all horizons. Calcium and magnesium both showed significant increases in their 

contributionn to the CEC. 

Thee decrease in the relative importance of K may have implications for nutrient cycling, since K is, 

besidess a contributor to the CEC, also a macro nutrient important for plant growth. After seven years 

off grazing the available N and K in the LF horizon of the heavily grazed site were significantly lower 

thann in the control site (Table 4.2). Total stocks were not significantly different between the grazing 

treatments. . 



Figuree 4.5 Basesaturation and extractable K, Mg and Ca as % of the total CECeff; in the LFand H horizon and the upper 

55 cm of the mineral soil (A) in the control, moderately and heavily grazed sites. Significant differences between grazed and 

non-grazedd situations are indicated by an *. 
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Tablee 4.2 Input of nutrients and extractable, mineralised and total nutrient stocks in grazed and control site. a) stock of 

organicc matter in both sites: 5.5 kg m in the LF horizon and 2.2 kg.m for H horizon; b) results from BaCI,-extracts 1997, 

NN = extractable NH4+; c) results from N-minerahsation experiment 1996 (net increase m NH.,+ and NO, - ); d) results from 

digestionn of LF horizon 1997, e) calculated from extractable nutrients (1997). Significant differences between grazed and 

non-grazedd situations are indicated by an *. 

NN P K 

controll grazed control grazed control grazed 

inpu tt  littertotal 15.4 11.9 0.70 0 55 1.6 1.3 

g.rrr 2.y_1 1 

stock ss  a> extractable LF bl 

g.rrr22 extractable H b> 

mineralisationn LF c> 

mineralisationn H c' 

totall LF d> 

totall H e> 

Discussio nn and conclusion s 
Thee aim of this chapter was to assess the impact of grazing on rates of decomposition and nutrient 

availability,, given the probably altered conditions for breakdown and lower litter input which were 

discussedd in the previous chapter. In this way, it might become clear whether the lower production 

off Deschampsia flexuosa in the undergrowth vegetation could be explained by a decrease in nutrient 

availability. . 

DecompositionDecomposition  rates 

Thee unchanged weight loss of fresh litter in the htterbag experiment in the grazed site suggested 

thatt altered conditions of breakdown due to increased irradiation are not important. This was also 

observedd in other Scots pine stands (Pan and Siepel, 1995). Decomposition rates of older and more 

decomposedd soil organic matter were not studied. However, since litter weight loss appeared not 

affectedd by potentially better breakdown conditions, there is litter reason to assume that 

decompositionn rates of lower horizons (F and H) have increased. It is also not clear whether 

decompositionn rates in the F and H horizons have instead decreased, but there are some theoretical 

arguments.. The amount of fresh, i.e. easily decomposable, organic matter has decreased due to 

grazing,, which leads to a shift in the ratio labile to refractory organic matter. Since at least some 

labilee organic matter is needed for a further breakdown of the more refractory components, the latter 

willl likely decrease. In addition, due to the increasing significance of the pine litter compared to grass 

rootss and shoots, the lignin rich organic material will become more important, possibly resulting in 

evenn lower decomposition rates. Thus, the lower input of litter potentially reduces the total amount 49 



off soil organic matter but this may to some extent be counteracted by the unchanged or even 

lowerr rates of decomposition. This v.ill be further explored m the next chapter. 

NutrientNutrient  availability 

Whilee changes in the amount of soil organic matter due to grazing remain obscure, the 

availabilityy of nutrients seems more clearly affected. Furthermore, there are differences between 

nutrientss in turnover rates, which may be important as to which nutrient becomes the (most) 

limitingg factor. 

Thee release of N and Pfrom decaying litter takes some time. During the one year of the litterbag 

experimentt both nutrients were still immobilised, and it may take another half year, before they are 

nett released (Van Vuuren, 1992, Tietema, 1993). This means that it may take a few years before a 

reductionn in N and/or P availability due to grazing will occur. This is supported by the N-mineralisation 

studyy and the ammonium levels, which suggest that decrease rn N-availability does not occur before 

sevenn years of grazing. However, initially there may even be an increase in N-minerahsation, possibly 

duee to increased root death after the first sudden removal of above ground biomass by the cows. 

Thus,, N-availability decreases under a grazing regime, but it may take some time. A decrease in 

N-availabilityy was also found by Pastoretal, (1993) and Ritchie et al. (1998) Whether N becomes 

aa limiting nutrient to plant growth is not clear. Nitrogen concentration in living grass did not differ, 

butt retranslocation was higher under grazed conditions, which suggests that some limitations occur 

(Lemairee and Chapman, 1996). On the other hand, the N:P ratios of grass shoots, ranging from 14 to 

17,, suggest that N and P are in balanced supply (Koerselman and Meuleman, 1996). Also, the input 

off N via atmospheric deposition of about 4 gr.m y (Van Breemen and Verstraten, 1991) more or less 

balancess the decrease due to grazing, which may make the decrease less important in a relative 

sense.. Nevertheless, it is still possible that both the availability of N and P (not measured), decrease 

andd lead to a lower production of biomass. 

Inn contrast, K is a relatively mobile ion. The litterbag experiment showed that K is leached from the 

litterbagg almost completely within 10 weeks and it should be kept in mind that concentrations of K 

inn dead biomass were already very low, because of the leaching of K from dying cells (chapter 3) 

Potassiumm levels in the soil profile were 30% lower under grazed conditions, both in mg per kg soil 

andd in relative contributions to the cation exchange capacity. Potassium levels seemed to decrease 

afterr a few years of grazing already, but were not statistically detectable due to the sampling strategy 

inn the earliM y^ars The reduced ieveis of K at the cation exchange complex may, besides the high 

mobilityy of K, bt due to interactions with the divalent cations Ca and to a lesser extent Mg. Calcium 

evelss are twice as high in pine litter, and further increase in importance because pine litter is not 

reducedd by grazing, while grass litter is. Furthermore, divalent cations, and especially Ca are 

preferentiall bound to the soil exchange complex (McBride, 1994; Wessel 1997) Potassium may be 

exchangedd and since root biomass and thus uptake are also much lower under grazed conditions, 

subsequentlyy leaches out of the ecosystem. Because K-levels in living grass are relatively high and 

amountt to 15 mg.g , compared to 6 mg g in pine needles, this decrease in K-availabihty in the soil 

mayy impose serious problems to the productivity of Deschampsia flexuosa Limitations of K were also 

500 found in a mowing experiment (Oomes, 1990) 



Thus,, the availability of both N and K is clearly reduced, which may at least partly explain the reduced 

productionn of the grass vegetation under a grazing regime. It is not known which of these two is the 

mainn limiting factor. However, since it takes at least a few years before N availability will be reduced, 

whilee the reduction of K may start immediately and because K levels are much higher in the grass 

thann in the pine needles, we opt for the latter. 
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Abstrac t t 
Thee possible reduction of soil organic matter stocks under a grazing regime was studied by 

sequential,, intensive sampling over a seven-year period. In addition, the development of 

organicc matter stocks under various litter inputs and decomposition rates was calculated by 

aa simple model, using input data collected during the experiment. In this way, the potential 

impactt of grazing on soil organic matter was explored. 

Thee measured soil organic matter stocks were variable, and overall no significant changes in 

soill organic matter stocks were observed. The variation was partly due to methodological 

errors,, but particularly to high spatial variability, which obscures small differences. This 

meanss that, even in this, with respect to parent material and vegetation, relatively 

homogeneouss ecosystem, quantifying changes in stocks of soil organic matter is very 

difficult.. In addition, the modelling exercise showed that meaningful differences can hardly 

bee expected and significant differences between control and grazed situations could only be 

obtainedd under unrealistic conditions. Because, in addition to the large spatial variability, 

thee carbon fluxes {litter input and decomposition) are small compared to the stocks of soil 

organicc matter, the latter appeared a very robust parameter, which is hardly reduced by 

grazingg in spite of a clear reduction in litter input. 

Keywords:Keywords: sampling strategy, model, humus profile, carbon cycle 



Introductio n n 
Inn The Netherlands, grazing by large herbivores has become a common tool in nature conservation 

too counteract grass encroachment resulting from atmospheric deposition (e.g., Aerts, 1989; Heij and 

Schneider,Schneider, 1991, Kooijman et al , 1998). Particularly in forest areas, grazing has been applied because 

itt was expected that it would reduce the thick and dense litter layer found in grass-encroached 

forests,, thus resulting in improved conditions for forest regeneration (Kuiters et al., 1996) The layer 

off grass roots and organic matter prevents establishment of other soecies (Van Wieren, 1988) and 

thee organic matter contains large pools of nutrients that may even enhance the grass-encroachment 

However,, based on a review of studies concerning the impact of grazing, Milchunas and Lauenroth 

(1993)) conclude that the combined net effect of a reduced input in grass shoots and roots, and of 

changess in decomposition rates is not clear and that the response of soil organic matter can be both 

negativee and positive, depending on site factors and grazing intensity. 

Grazingg can affect soil organic matter stocks both through a lowered input of organic matter and the 

alterationn of decomposition rates. In a seven year grazing experiment with grazed and control sites 

inn a Scots pine forest, input and decomposition of organic matter were estimated and soil organic 

matterr stocks were monitored. After seven years of heavy grazing in a pine forest, the input of litter 

fromm above ground biomass was reduced by o and from the grass root biomass by o (Chapter 3). 

Thee thickness of the organic horizons was notably reduced (Chapter 2), which may be ascribed to soil 

compactionn and/or reduction of organic matter stocks. Decomposition of fresh litter was expected 

too increase because of improved conditions for this process, such as increased soil temperature, but 

appearedd to be unaffected by heavy grazing (Chapter 4). 

AA further complication in this research was that spatial variability in soil parameters is large 

(Chapterr 2; Emmer, 1997), which hampers monitoring of temporal changes in soil organic matter 

stockss in forest ecosystems. Even when advanced sampling strategies (Arp and Krause, 1984; 

Bnngmarkandd Bringmark, 1998) are used, it is not always possible to guantify pools of soil organic 

matterr and changes therein very accurately. 

Thee aim of this chapter is to establish what impact grazing had on organic matter stocks in a grass-

encroachedd pine forest, by (1) sequential intensive sampling over a seven-year period and (2) 

modellingg of these stocks. Firstly, the measurements and their uncertainties induced by the large 

spatiall variability will be investigated and the usefulness of sequential sampling will be evaluated. 

Secondly,, the limits of the impact of grazing on organic matter stocks will be explored, with respect 

too changes in litter input and decomposition, using a modelling approach. 

Method s s 
ResearchResearch  area and experimental  design 

Thee study area is located in a drift sand area north of Kootwijk (5 46'E, 52 10'N, 30 m above sea 

level)) in The Netherlands In 1928, Scots pine (Pmus sylvestns L.) was planted to stabilise the drift 

sandd (350 trees per ha) The soils can be classified as Haplic Arenosols (FAO, 1998), On the acidic 

sand,, a Mormoder humus form (Green et ah, 1993) developed with pronounced horizon 

differentiationn in which hardly any organic matter has been mixed into the mineral soil (Chapter 2, 

544 Kemmers et al , 1996). In the mineral soil, an A horizon can be recognised, but no further horizon 



developmentt occurred. pH(H 0) values were 3.5-4.1 i n t heLFhonzonand3 .3 -3 .7 i n t heHandA 

horizon.. The herb layer is dominated by Deschampsia flexuosa (L) Trin. Soil and vegetation are similar 

too those in other Scots pine forest stands of similar age on drift sand as described by Emmer (1995a). 

Inn a homogeneous stand, three rectangular sites of 1 ha were fenced. The first site was used as a 

controll and was not grazed. The 'heavily' grazed site was grazed every summer (June) for a period 

off 20 days by five cows. After this period, no edible grass was left. The moderately grazed site was 

grazedd for half of this period by the same cows. The first grazing period was in 1990, the last in 1996. 

OrganicOrganic  matter  stocks 

Inn 1990, prior to the first grazing period, all sites were sampled to document their initial composition, 

soo to test whether there were any differences between them, which was not the case (Kemmers et al., 

1996).. At each site, 50 humus profiles were sampled (Sevink et al., 1993) in a rectangular grid 

(15x155 m spacing), 1 m north of the grid point. Humus profiles were sampled with a monolith 

samplerr having a sampling surface of 42 cm- (Wardenaar, 1987). Because the 1990 sampling method 

differedd slightly from that in following years, the 1990 data were not used for further comparison. In 

1992,, 1994 and 1996, sampling of the humus profiles was repeated at 50 plots per site according to 

thee same sampling grid, 1 meter east, south and west of the grid points respectively. Humus profiles 

weree morphologically described and the L, F, H and A horizons (definitions according to Green et al, 

1993)) were sampled separately. The samples were dried at C for 48 hours, and roots, bark and 

largee woody particles were removed by handpicking and weighed separately. For loss on ignition 

(LOI%),, as a measure of the organic matter content, samples were heated to r 16 hours. 

Totall organic matter stocks were calculated by summing the stocks of organic matter in the ectorganic 

horizons,, since the mineral soil was very poor in organic matter. In 1998, two years after the last 

grazingg period, in all sites a last sampling was performed. At 25 plots (2 meters north of grid points) 

thee complete ectorganic profile was sampled and analysed for loss on ignition. 

Too test whether observed differences between the grazed sites and the control site were significant 

(«« = 0.05) t-tests were performed for the measured organic matter stocks in the ectorganic horizons. 

ModellingModelling  possible  impacts  of  grazing  on organic  matter  stocks 

AA simple model was used to simulate the development of organic matter stocks under various litter 

inputss and decomposition rates (carbon fluxes). The model consists of two organic compartments: 

aa fresh litter compartment and a soil organic matter compartment. Fresh litter was added to the litter 

compartmentt every year and decomposed at relatively high rates for two years. Weight loss in these 

firstt two years was calculated for all types of litter input separately (grass shoots, grass roots, needles, 

pinee roots; table 5.1; Chapter 3). Remaining organic matter of all sources was summed (litter) and 

addedd to the soil organic matter compartment, which had much lower decomposition rates (Agren 

andd Bosatta, 1996; Van Oenen et al., 1999). Stocks of organic matter (OM, kg.m ) in the soil 

compartmentt were calculated as follows: 

OMM (t + l ) = OM (t) * (1 - k) +//tter (t +1) (5 i) 



Inn which k (y ) is decomposition constant and t (y) is time. In the soil organic matter compartment, 

OM(0)) was equal to the organic matter stock in the non-grazed site in 1992 (5.7 kg.m ), while litter 

dependedd on the litter input and decomposition rates (table 5.1). Decomposition rates of fresh litter 

weree estimated with litterbag experiments (Chapter 4). Decomposition of soil organic matter was not 

measured,, but k-values were taken from the literature (Emmer, 1995a; Gill et al., 1999) and calibrated 

byy matching model outputs based on these k-values with data from the 70 to 100 year-old Scots pine 

standss studied by Emmer (1995a). The year-to-year fluctuations in input and decomposition resulting 

fromm differences in weather and seasonal fluctuations were not incorporated in the model. 

Tablee 5.1 Model input values for fresh litter input (g.m ",y ) and decomposition rates (k-values, y ). 

Input t 

(g.rrrV) ) 
Treee litter 

Pinee roots 

4200 (needles 230; cones 190) 

4 7 0 - 5 3 0 0 

9 0 - 3 5 0 0 

3 0 - 5 0 0 

Chapterr 3, used value 

Emmerr (1995a) 

Dee Vries et al. (1990) 

Aberett al (1985), De 

40 0 

Perssonn (1979, IE 

Usedd value 

Decomposition n 

(y-'l l 

Crasss roots 

Crasss roots 

Soill org. 

matter r 

Freshh litter 

110 0 

5 0 - 3 0 0 0 

180 0 

850 0 

4300 - 830 

220 0 

180 0 

0.13-0.177 (LF horizon) 

0.011 - 0.07 (H horizon) 

00 058-0 .097 

0.08 8 

0.22 - 0.3 needles, 1s t year 

0.14-0.211 needles, 2m year 

0.44 needles, 1 s t year 

0.33 - 0.4 fine pine roots, 1 s l year 

0.33 grass shoots, 1 s t year 

0.44 - 0.6 (2y - ') grass shoots 

0.55 (2y~') grass roots 

0.30.3 - 0.4 (y-1) 

Chapterr 3, used value 

Nabuurs(1996) ) 

Rodenkirchenn ( 1995) 

Chapterr 3, used value 

Fialaa (1996) 

Rodenkirchenn (1995) 

Aertss et al. (1992) 

Emmerr (1995a) 

Emmer(1995a) ) 

Cilll eta!. (1999) 

Usedd value 

Janssonn and Berg (1985) 

Janssonn and Berg (1985) 

Chapterr 4 

Bergg (1984) 

Chapterr 4 

Vann Vuuren (1992) 

Vann Vuuren (1992) 

Usedd value 

S6 6 

Thee model was used to calculate differences between the grazed and non-grazed sites. In order to 

determinee what the minimum difference between the sites should be, in order to be sufficiently sure 

thatt the sampling strategy would characterise the difference as statistically significant, the following 

analysiss was executed. 



Twoo population A and B (in this case the control and grazed sites) were considered, with population 

meanss yA and pig, and population variances IT A and IT B, respectively. When samples of both 

populationss of sizes n^ and nB are taken, sample means x^ and x B and sample variances s 4 and s B 

aree yielded. According to Davis (1986), the differences between xA and xB will be significant at the 

(11 -a) level when 

Thiss implies that when 

>t, , 2,df f (5.2) ) 

2,df f 
(5.3) ) 

theree will only be a 50% probability that the test will yield a significant difference. Therefore, when 

ann increase in the probability of obtaining significant results from this o to ( 1 - (3) per cent is 

desired,, a larger difference between \iA and i i g must be imposed. It can now be shown that the 

minimumm difference betweenLiA and pig (D) must satisfy 

D D t t /2,df f ++ t M ' ' 
(5.4) ) 

Inn case of our sampling strategy with n = 50 and sA = s f i = 2.6 (Chapter 2) and with a and (3 both 

0.05,, D is 1.9 kg.m . This means that the difference in population means, as calculated in the mode 

shouldd exceed the 'minimum measurable difference' of 1.9 kg.m , because differences smaller than 

thiss value have an unlikely chance of being detected by sampling. 

Tablee 5.2 Model scenarios with simulated impacts of grazing on fresh litter input and decomposition rates 

input t decomposition n 

laa Grass shoot input reduced by 10, 30, 50 and 70% no changes 

11 b Total grass input (shoots and roots) input reduced by 10, 30, 50 and 70% no changes 

2a a 

2b b 

2c c 

3a a 

3b b 

3c c 

Totall grass input reduced by 0, 10, 30, 50 and 70% 

Totall grass input reduced by 0, 10, 30, 50 and 70% 

Totall grass input reduced by 0, 10,30, 50 and 70% 

Totall grass input reduced by 0, 10, 30, 50 and 70% 

Totall grass input reduced by 0, 10, 30, 50 and 70% 

Totall grass input reduced by 0, 10, 30, 50 and 70% 

Crasss input reduced: shoots 50%, roots 30% 

increasedd by 10% 

increasedd by 30% 

increasedd by 50% 

decreasedd by 10% 

decreasedd by 30% 

decreasedd by 50% 

50%% increase - 50% decrease 
57 7 



Thee impacts of grazing on stocks were simulated using different scenarios (Table 5.2). In the first 

scenario,, the effects of reduced input were simulated. The measured reduction in input varied from 

3 0 %% to o (Chapter 3), but in the scenarios input reductions of 10% and 70% were also simulated. 

Thee input of grass shoot litter is reduced in scenario la and both grass shoots and roots are reduced in 

scenarioo lb. In the second and third scenario, decomposition rates were also altered. In scenario 2, 

decompositionn rates were increased by 10% (2a), 30% (2b) and 50% (2c), because increased soil 

temperaturee may lead to higher rates of decomposition. In scenario 3 decomposition rates were 

reduced,, again by 10% (3a), 30% (3b) and 50% (3c), because an input reduction of fresh, easily 

decomposablee litter may lead to lower (in stead of higher) decomposition rates. In all scenarios, the 

impactt of grazing on litter input and decomposition rates is kept constant for the complete simulation 

periodd of 25 years. In the scenarios 1, 2 and 3, the stocks in grazed and non-grazed systems were 

simulatedd and differences between the systems were compared to the minimum measurable 

difference.. These differences show whether the impact of grazing leads to measurable changes in soil 

organicc matter stocks, but the scenarios 1, 2 and 3 give no information on the accumulation or 

decreasee of soil organic matter under different scenarios. Therefore, in scenario 4, the stocks of soil 

organicc matter are calculated with a constant reduction in litter input (shoots 50% reduced, roots 

3 0 %% reduced) and with both increased and decreased decomposition rates. 

Figuree 5 1 Average and standard deviations of measured soil organic matter stocks in the ectorganic horizons of the 

controll site (c) and the moderately (m) and heavily (h) grazed site in 1992, 1994, 1996 (all n = 50) and 1998 (n = 25, L, F 

andd H horizon combined = ect). Significant differences (p < 0.05) between non-grazed and grazed sites are indicated by * 

* * 
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Result s s 
VariabilityVariability in measurements 

Thee measured soil organic matter stocks showed mean values varying from 5.7 kg.m to 7.2 kg.m : 

andd rather large standard deviations, i.e. between 1.8 kg.m and 3.3 kg.m (Figure 5.1). A large 

variabilityy in soil organic matter stocks can be caused by (1) sampling errors, (2) analytical errors, 

(3)) spatial variability and (4) temporal variability. Sampling errors were expected to be small. 



Thee most critical steps in sampling were the accurate measurement of the sampled area and a precise 

separationn of organic horizons from the mineral soil The sampled area was regularly measured, but 

thee sampling area of the monolith sampler could vary 2% at most. With respect to the separation 

off organic horizons it was important that they were always done by the same person and that the 

transitionn from organic matter to mineral soil was very distinct. Therefore, the error in the separation 

off organic and mineral horizons was probably not more than 2-3 mm, each mm sampling error 

correspondingg to 0 .5%- l% of the total organic matter stock. The analytical errors were checked 

throughh duplicate analyses and never exceeded 5%. The sampling and analytical errors together 

weree therefore estimated at a maximum of 10% and because it is very unlikely that all these errors 

aree applicable to all samples, variance resulting from sampling and analytical error will not be very 

high.. The coefficients of variance in the organic matter stocks were between 27% and 40% and 

cannott be explained by methodological errors only. 

Partt of the variation within sites and sampling periods can be caused by spatial variability; the 

year-to-yearr fluctuation may be caused by both spatial and temporal variability. For instance, site 

averagee for standing crop of the undergrowth vegetation in the control site varied between 70 g.m 

andd 140 g.m within the experimental period and root biomass varied between 720 g.m and 

10800 g.m in the same period (Chapter 3). This temporal variability in biomass production 

correspondedd to differences in precipitation between the successive years. Spatial variability is 

treatedd in chapter 2 and results of that chapter showed that variation at a distance, smaller than 

thee minimum sampling interval (i.e. the nugget) is about 40% of the total variation, meaning that 

att least 60% of the variance is attributed to spatial variability. 

Figuree 5.2 Modelled differences in soil organic matter stocks between grazed and non-grazed situations by reduced input 

orr altered decomposition. A: reduced input of grass shoots (scenario 1 a), or shoots and roots (B, scenario 1 b) of 

oo ( — ), 30  o ( - - - ) , 50% ( ——• ) and o ( ). A negative difference means lower stocks in grazed 

situations.. The horizontal line represents the minimum measurable level 
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Thesee combined causes of variation lead to the relative large standard errors measured and 

differencess in soil organic matter between the grazed and control sites must be large to be significant. 

Nevertheless,, in 1992, 1994 and 1996 some differences between the grazed sites and the control site 

weree just significant. However, the results were not consistent and in 1998, all statistical significant 

differencess had disappeared. These results indicate that overall there were no measurable differences 

inn soil organic matter stocks and that the impact of grazing was not (yet) apparent. The question that 

arisess is, whether this is solely due to the high variability or whether expected differences based on 

theoreticall considerations are also not very large. 

ModellingModelling  soil  organic  matter  stocks 

Thee model was used to investigate whether measurable differences can be expected at all within the 

experimentall period of seven years. In the first scenario, the input of litter was reduced. The input of 

grasss shoot litter is already rather small compared to other sources of input and organic matter stocks 

inn the soil. Therefore, a 70% reduction in input of grass shoots (scenario 1 a) only reduced the 

accumulationn of soil organic matter by 0.35 kg.m after 25 years, which is almost negligible 

(Figuree 5.2A). The grass root input was much larger than grass shoot input, and only a 70% reduction 

off the combined root and shoot input was the minimum measurable difference (1.9 kg.m ) exceeded 

andd this not even within the experimental period, but after 14 years (Figure 5.2B). 

Thee effect of increased decomposition rates, without reduced litter input, was not large enough to 

obtainn measurable differences within the experimental period (Figure 5.3) and only a highly 

unrealisticc 50% increase led to measurable differences within 25 years. When combined with a 

reducedd input, the decrease in stocks is stronger and measurable differences occurred within the 

25-yearr simulation period. However, only when decomposition rates were increased by 50% and 

inputt reduction is 50% or more, the differences exceeded the minimum measurable difference 

withinn the 7 yeartime span of the experiment. 

Whilee in theory decomposition rates may increase after grazing, due to higher soil temperatures, earlier 

resultss of this experiment showed that an increase in decomposition rates is not very likely. The litterbag 

experimentss showed that fresh litter weight loss was not affected by grazing (Chapter 4). In lower 

horizons,, decomposition rates were not measured, but it is not likely that in these horizons decom-

positionn would increase, because of the lower input of fresh, easily decomposable grass roots in the 

soill (Clarholm, 1985; Bardgett et a , 1998) and the lack of response to altered physical conditions. This 

decreasee in root input was most pronounced in the extensively rooted F horizon. 

Too simulate the effect of reduced decomposition rates, they were decreased by 10%, 3 0 % and 50% 

inn scenario 3. The potential (positive) effects of a reduction in decomposition rates on organic matter 

stockss may counteract the effects of reduced input, but even without input reduction, decreased 

decompositionn rates did not lead to a measurable increase within seven years. A decrease in 

decompositionn rates by 30% (Figure 5.4B) resulted in both higher and lower organic matter stocks, 

dependingg on whether the reduction in litter input was high or low, but none of the lines exceeded 

thee minimum measurable level. Thus, according to the model results, a significant increase in soil 

organicc matter can be reached, but only under highly unrealistic conditions such as a hardly reduced 

nputt and 50% reduction of decomposition. 



Figuree 5 3 Modelled differences in soil organic matter stocks between grazed and non-grazed situations, by an increase in 

decompositionn rates of 10% (A, scenario 2a), 30% (B, scenario 2b) and 50% (C, scenario 2c), The different lines represent 

aa reduction in input of roots and shoots of 0%, ( — ) , 10% ( — ), 30% ( . . . ), 50% ( — (and 70% (- - - ). 

AA negative difference means lower stocks in grazed situations. The horizontal line represents the minimum measurable level 

Iff soil organic matter stocks under grazed conditions are significantly lower than the stocks under 

non-grazedd conditions, this does not imply a decrease in these stocks. It might just as well be due to a 

lesserr increase, since the stand is still in an accretion phase and the control situation shows a steady 

increasee in soil organic matter stock. The simulation of the development of the soil organic matter 61 



stockss under different decomposition rates and a constant reduction in input, resulted in a broad 

rangee of soil organic matter stocks after 25 year (Figure 5.5). An increase in decomposition rates of 

oo resulted in a horizontal line, meaning that under those conditions organic matter stocks are 

constantt over time. When decomposition rates were higher, decreases in soil organic matter stocks 

weree expected. A reduction in decomposition rates by o resulted in a much higher accumulation of 

soill organic matter than in the control situation. 

Figuree 5.4 Modelled differences in soil organic matter stocks between grazed and non-grazed situations, by a decrease in 

decompositionn rates of 10% (A, scenario 3a), o (B, scenario 3b) and 50% (C, scenario 3c). The different lines represent 

aa reduction in input of roots and shoots of 0% ( — ) , 10%( — ), 30% ( - - •), 50% ( — ) and 70% ( ! 

AA negative difference means lower stocks in grazed situations. The horizontal lines represent the minimum measurable level. 
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Figuree 5.5 Modelled soil organic matter stocks under grazed and non-grazed (control) conditions (scenario 4), 

Crazedd conditions have a reduction in grass shoots and roots of 50% and o respectively. Different lines represent 

differentt changes in decomposition rates (k-values) 
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Discussio nn and conclusion s 
Thee aim of this chapter was to establish what impact grazing had on organic matter stocks in a grass-

encroachedd pine forest, by sequential intensive sampling over a 7 year period and modelling of these 

stocks.. The measurements and their uncertainties induced by the large spatial variability were 

investigatedd and by using a model approach, the limits of the impact of grazing on organic matter 

stockss were explored, with respect to changes in litter input and decomposition rates. 

Thee measured stocks of soil organic matter showed small differences between the sites and had large 

standardd deviations. The within-site variability could partly be ascribed to methodological errors, but 

aree mainly due to short distance spatial variability (Chapter 2). In some years, the small differences 

betweenn grazed and control sites were statistically significant at the 5% level. The model results, 

however,, showed that unless the changes in input and decomposition are very extreme for several 

years,, it is not to be expected that differences between sites become large enough to be (consistently) 

significantt within seven years. Therefore, the sometimes found statistical significance of differences 

inn measured stocks may well be contributed to a Type I error (rejection of H0 : LIA = MB IS not correct; 

Davis,, 1986). This may be because in a multiple comparison procedure the probability of finding an 

erroneouss statistically significant result (Type I error) increases with the number of comparisons made 

(Snedecorandd Cochran, 1989) 

Thee site averages of the measured soil organic matter stocks also showed rather large year-to-year 

fluctuations.. The model results indicated that changes in these input and decomposition had to be 

largee and persistent over at least more than five years, before changes in soil organic matter stocks 

couldd be expected. Therefore, year-to-year fluctuations can hardly be explained by temporal or 

seasonall differences in input and decomposition. They must be ascribed to insufficient accuracy in 

thee estimates of the mean values for soil organic matter, owed to large spatial variability. So, even 

inn a relatively homogeneous ecosystem, such as a planted pine forest on drift sand, quantifying the 63 



changess in soil organic matter stocks in a seven-year period appeared to be nearly impossible. Only 

inn performing the sequential sampling did these limitations became apparent-

Modellingg changes in soil organic matter stocks via assessing changes in carbon fluxes, such as input 

andd decomposition, is an alternative to direct monitoring of soil organic matter stocks. The value of 

thee model results, however, strongly depends on both the model structure and the quality of the input 

data.. The simple structure of the model used in this paper implies that its results must be treated with 

caution.. Nevertheless, the outcome demonstrated that soil organic matter stocks are relatively 

nsensitivee to changes in carbon fluxes. The total yearly input from the fresh litter compartment 

(includingg tree litter) to the soil organic matter compartment is about l o of the soil organic 

matterr stocks, while the decomposition rate of the soil organic matter compartment was set to be o 

Duee to these relatively small carbon fluxes compared to the large stocks of soil organic matter, 

substantiall changes in input or rates of decomposition were needed to obtain measurable differences 

betweenn the sites in the time scale used. Models with more compartments of organic matter or more 

complexx feedback mechanisms may predict even smaller differences between the sites (Emmer, 

1995a;; Agren and Bosatta, 1996). 

Importantt for the model results are the values used for litter input and decomposition rates. 

Thee litter-input data were partly based on the aboveground standing crop of the undergrowth 

vegetation,, which can be measured accurately. The estimation of grass root input is however much 

moree complicated because of the poor visibility of roots. The reduction factor of root input by heavy 

grazingg was fortunately supported by root ingrowth core experiments (Chapter 3). The rather large 

variationn in root production of Deschampsia fkxuosa among different literature reports may be 

connectedd to variation in soil pH in the various studied sites. Lower values of root stocks (Aerts et al,, 

1992)) were measured in acid soil with pH values of about 4-4.5, but higher values of root input were 

foundd in soils with even lower pH values (3-3.7), in both Dutch (Chapter 3) and Czech ecosystems 

(Fiaia,, 1996). If root input in Kootwijk is still an overesttmation and the actual contribution of roots 

too the total input of organic matter in the soil is lower, the effect of grazing on the soil organic matter 

stockss will be even smaller than present. 

Inn the model, two different kinds of organic matter were used; litter with high decomposition rates 

andd organic matter from the F and H horizons, which decomposes much slower. The decomposition 

ratess of fresh litter are commonly measured via litterbag experiments. First year decomposition can 

varyy widely over different climatic conditions, but weight loss appeared to be highest in the Dutch 

regionn (Berg eta I., 1993) because of the favourable combination of high moisture and rather 

temperedd temperatures. It is not clear if conditions that are 'more favourable' owed to grazing, 

cancan further increase first year weight loss. It is apparent that in the site, fresh litter decomposition 

wass not enhanced. Decomposition of older soil organic matter is more difficult to determine and 

althoughh many methods are described (Leiros et al., 1999, Saetre, 1998), in situ decomposition 

ratess were rarely established They are much lower than fresh litter decomposition rates and the 

effectt of changes is therefore likely to be relatively low (Liski et al., 1999). 
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Despitee many uncertainties in both estimates of input data and model structure, it is clear that 

withinn the seven years of the grazing experiment the soil organic matter stocks are unlikely to change 

significantly.. The mam reason is that compared to the large stocks in the soil, the fluxes of carbon 

(inputt and decomposition) are small, which means that even large changes in these fluxes do not 

resultt in measurable changes in the stocks. 

Thee large variability in soil organic matter stocks hampered an accurate determination of site 

averagess and differences between the sites. Another sampling strategy with, for instance, larger 

samplingg areas may reduce the variability in measurements. However even such sampling strategy 

willl not change the overall conclusion which is that no measurable differences will occur and that 

grazingg in these systems will not lead to declining soil organic matter stocks. Nevertheless, a more 

accuratee estimation of soil organic matter stocks, may however be helpful in estimation of change 

inn decomposition rates of soil organic matter, which now had to be largely based on literature. 





66 Consistenc y of pattern s as a possibl e cause of 

spatia ll  variability : a numerica l experiment . 

Abstrac t t 
Spatia ll  variabilit y in soi l organi c matte r stock s appeare d to be much highe r tha n expecte d 

andd seemed to be connecte d to th e tussoc k structur e of the grass , whic h may affec t the 

spatia ll  distributio n of litte r inpu t and decompositio n rates . It was hypothesise d tha t the 

variabilit yy  in soi l organi c matte r stock s may be th e cumulativ e resul t of variabilit y in litte r 

inpu tt  and decompositio n rates . By usin g a conceptua l model , thi s hypothesi s was tested . 

Variou ss scenario s wit h spatia l pattern s rangin g fro m varyin g in tim e to consisten t in tim e 

weree performed . The result s showe d tha t when pattern s of litte r inpu t and decompositio n 

shif tt  laterall y in time , the variabilit y in soi l organi c matte r stock s will  end up rathe r low . Only 

whenn th e spatia l pattern s are consisten t modelle d variabilit y is approximat e to th e hig h 

variability ,, as measure d in the Kootwij k site . The result s impl y tha t beside s studyin g spatia l 

andd tempora l variatio n in input , decompositio n and soi l organi c matte r stocks , attentio n 

shoul dd be paid to the tempora l variatio n or consistenc y of spatia l patterns . 

Introductio n n 
Inn previous chapters (2 and 5), it became apparent that the spatial variability of soil organic matter is 

surprisinglyy high, considering the homogeneity of the tree and undergrowth vegetation and the sandy 

parentt material In addition, this variability can hardly be explained by the various site factors, such 

ass slope, aspect and the presence or absence of a tree crown right above the soil sampled (chapter 2). 

AA spatial analysis revealed that most of the spatial variability in soil organic matter stocks occurs at 

veryy short distance. However, a direct relation with the tussock structure could not be found, due to 

differencess in support of samples (42cm vs. 625cm). 67 



Itt is however likely that the tussock structure of the grass results in a small-scale spatial 

differentiationn of input of grass shoots and roots. It also affects the micro-topography of the soil 

andd causes tree litter input, particularly pmecones, to accumulate between the tussocks, as was 

noticedd in field observations. This may imply that spatial variability of tree litter input has a strong 

spatiall correlation at very short distance, rather than at tree scale. Spatial variability in decomposition 

ratess was not measured but they may vary spatially because of spatial differences in substrate quality. 

Itt may be hypothesised that, if the stocks of soil organic matter are the cumulative result of input and 

decomposition,, the variability in these stocks may be the cumulative result of variability in input and 

decomposition.. The aim of this chapter is to test whether this hypothesis can explain the spatial 

variability,, by using a conceptual model. 

Theory y 
Accordingg to the hypothesis, spatial variability in soil organic matter stocks can be the result of 

spatiall variability in the input of litter and/or in decomposition rates. Evidently, the variability in soil 

organicc matter stocks will also depend on the consistency of these input or decomposition patterns. 

Thiss is illustrated by Figure 6.1 where a site consisting of 9 cells receives a certain amount of litter in 

threee subsequent years. In order to improve the clarity of the example, only litter input was considered 

ass a factor in soil organic matter accumulation. At the left-hand side of the figure, in each cell this 

yearlyy litter input during three years is represented by three dots. The relative amount of litter is 

indicatedd by the size of each dot. The litter input in the site has a normal distribution with a mean 

valuee and a standard deviation. 

Figuree 6.1 Litter input at three successive years and soil organic matter stocks after three years Litter input distribution 

patternss are either varying (A) or consistent (B) in time. 

litterlitter input soil OM 



Inn situation A, the spatial distribution of higher and lower amounts of litter is randomly chosen at 

eachh time step. So, at each timestep each cell has the same chance on high or low litter input and 

afterr three timesteps, the summed amount of organic matter on the soil is more or less equal in the 

cells.. In situation B, higher and lower amounts of litter input are randomly distributed at the first 

timestepp only. In subsequent timesteps, its spatial distribution is equal to the first timestep. After 

threee timesteps, the average amount of soil organic matter is equal to situation A, but the variance 

iss much higher. 

Conceptua ll  mode l 
Inn order to test whether this theory can explain the high variability in the soil organic matter stocks, 

aa model based on the soil-organic-matter-model as described in chapter 5 was used. The soil-organic-

matter-modell will only be described briefly, for further explanation see chapter 5. Two organic matter 

compartmentss were considered: a fresh litter compartment and a soil organic matter compartment. 

Freshh litter was added to the litter compartment every year and decomposes at relatively high rates 

forr two years. Weight loss in these first two years was calculated for all sources of litter separately. 

Remainingg organic matter was summed and added to the soil organic matter compartment, which 

hadd much lower decomposition rates. Decreases in soil organic matter stocks resulting from 

decompositionn were calculated by a negative exponential function. 

Tablee 6.1 Model input data (mean and standard deviation) for litter input and decomposition rates 

Dataa derived from chapters 3, 4 and 5. 

meann  standard deviation 

Input t 

(g.nr2.y-') ) 

Decomposition n 

ratess (k) (y~') 

Treee litter 

Pinee roots 

Grasss shoots 

Grasss roots 

Soill org. matter 

Freshh litter 

420 0 

40 0 

110 0 

850 0 

0.08 8 

0 . 3 -- 0.4 4 

90 0 

5 5 

50 0 

120 0 

0.006 6 

--

Inputt data are the same as presented in chapter 5, but mean values of Table 5.1 are now converted 

too normal distributions with a mean value and standard deviation (Table 6.1). Standard deviations of 

litterr input are based on measurements, but should be handled with care, because of the differences 

inn support between the various measurements. Support varied from 42cm for soil and root samples, 

625cm-- for above ground biomass to 6m- for tree litter. Fresh litter decomposition was considered 

equall in all cells. This conforms to the litterbag results of chapter 4, where first year weight loss 

appearedd to be almost invariable between replicates. Standard deviations of decomposition in 

thee soil organic matter compartment were based on coefficients of variance of the laboratory 

N-mineralisationn experiments (chapter 4). 69 



AA Monte Carlo approach was used, which means that a virtual site, comparable to Figure 6.1, but now 

withh 1000 cells in stead of nine, was filled with normally distributed stocks of soil organic matter. 

Modell input data were selected from the normal distribution curves for litter input and decomposition 

forr all cells. The situations A and B, as described in the theory section, were simulated by choosing the 

spatiall distribution of litter input either completely random at each timestep (A) or equal to the first 

timestepp during the complete simulation period (B). The spatial distribution of decomposition rates 

wass kept constant over time. Model output consisted of soil organic matter in each cell, which was 

convertedd to means and standard deviations at each timestep. These standard deviations (mode 

output)) may depend on the number of timesteps or on the initial standard deviations of the soil 

organicc matter stocks, so first this dependency was tested by varying the initial standard deviations 

andd running the model until standard deviations were constant over time. This test was performed for 

bothh varying pattern (A) and consistent pattern (B) in the scenarios 1 and 2, respectively (Table 6.2) 

Numericall experiments 
Thee two situations (A and B) are rather extreme. Therefore, also intermediate situations were simulated 

byy randomly dividing the 1000 cells into 'constant cells' or 'varying cells' at each timestep. In the 

'constantt cells' the input remained equal to the previous timestep, while in the 'varying cells' new 

nputt values were selected from the normal distribution curve. Although the percentage of the cells 

selectedd as 'constant cells', remained constant over the simulation period, the random selection 

of'constantt cells' was performed at every timestep. The impact of the consistency of patterns was 

testedd by varying the ratio between 'constant cells' and 'varying cells' (scenario 3; Table 6.2). 

Tablee 6.2 Model scenarios with differences in pattern consistency for litter input and decomposition, and different 

standardd deviations for decomposition rates 

nario o 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

inpu tt  pattern s 

varying g 

consistent t 

varyingg to consistent 

varyingg to consistent 

varyingg to consistent 

varyingg to consistent 

decompositio n n 

consistent t 

consistent t 

consistent t 

pattern s s 

varyingg to consistent 

consistent t 

varyingg to consistent 

standar dd deviatio n 

off  decompositio n rates 

normal l 

norma! ! 

normal l 

normal l 

doubled d 

doubled d 

70 0 

Soo far, spatial distribution in decomposition rates was kept constant in time, because it is not known 

iff these patterns can vary. However, it is likely that when spatial distribution of fresh litter input varies 

inn time, decomposition patterns may also vary. In order to test if the possibility of varying patterns 

contributess to the soil organic matter variability, patterns of decomposition rates were also allowed 

too vary in scenario 4 (Table 6.2). 



Thee variability of decomposition rates was estimated in a very indirect way and i t i snot known ifa 

betterr estimation is needed to give more reliable results. Therefore, the sensitivity of the variability of 

soill organic matter stocks to the variability in decomposition rates was tested by comparing scenarios 

withh the estimated standard deviations for decomposition rates (scenario 3 and 4) to scenarios with 

doubledd standard deviations for decomposition rates (5 and 6). 

Result s s 
Thee impact of initial standard deviations and number of timesteps on the final standard deviation 

wass tested for both varying input patterns (scenario 1) and the consistent input patterns (scenario 2). 

Forr both situations, the impact of the initial standard deviation decreases rapidly and within 

355 timesteps lines converge from different initial standard deviations to two clusters, representing 

thee situations A and B (Figure 6.2). The initial patterns in stocks of organic matter were not correlated 

too the input patterns and from the first timestep on, these initial patterns were faded away by the 

litterr input patterns. So, the final standard deviations did not depend on the initial standard deviations 

inn both scenarios 1 and 2. For further scenarios, the initial situations were chosen homogeneous 

(standardd deviation = 0). The standard deviations hardly increased after 50 timesteps and at 100 

timestepss standard deviations were almost invariable over time (Figure 6.2). It was therefore decided 

too perform all following simulations over 100 timesteps. 

Figuree 6.2 Modelled standard deviations of soil organic matter stocks in scenarios 1 and 2 with different initial 

soill organic matter standard deviations. 
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Thee impact of the pattern consistency (scenario 3) is presented in Figure 6.3, where the filled 

sguaress represent the transition from 100% varying input patterns to 100% constant input patterns. 

Thee 0% and 100% consistent cells are similar to the final standard deviations in Figure 6.2 after 100 

timesteps.. When less than 20% of the cells was selected as 'constant cells', the situation was very 

muchh comparable to the situation A, while situation B was approached when over 80% of the cells 

wass selected as 'constant cells'. Standard deviations increased with increasing consistency, but only 

whenn the percentage of constant cells was over 60%. However, this only holds for the simulations 

withh a constant pattern for decomposition rates. The open squares, representing scenario 4 with both 71 



decompositionn and input varying or constant, showed a stronger decrease in standard deviation 

fromm consistent to varying patterns. So, when patterns of decomposition were allowed to vary, the 

consistencyy had more impact, but standard deviations of the soil organic matter stocks did not end 

upp higher. 

Figuree 6.3 Modelled standard deviations of soil organic matter stocks after 100 timesteps over scale of 100% varying 

patternss to 100% consistent patterns 
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Thee sensitivity of the variability in soil organic matter stocks to the variability in decomposition rates 

wass tested by comparing scenarios 3 and 5, both having consistent patterns in decomposition rates 

andd scenarios 4 and 6, both with varying to consistent patterns in decomposition rates. The comparison 

off scenarios 3 and 5 showed that when decomposition patterns were consistent in time, soil organic 

matterr variability increased and more or less doubled by the doubled standard deviations of 

decompositionn rates, irrespective of the consistency in litter input patterns. When the decomposition 

patternss could vary (scenarios 4 and 6), doubling the standard deviations of decomposition rates 

onlyy resulted in increased soil organic matter variability when the percentage of consistent cells was 

overr 50%. When both input and decomposition patterns varied the variability of the soil organic 

matterr stocks seemed to reach a minimum standard deviation, regardless of the variability in input 

orr decomposition. 

Discussio nn and conclusion s 
Thee model used in the chapter is only a conceptual model and little is known about the small-scale 

distributionn of input and decomposition, as well as the actual consistency of these patterns in the 

field,, which implies that results could not be compared to field measurements. Therefore, the results 

off this chapter should be seen as first attempt to explain spatial variability in homogeneous sites, 

suchh as the Scots pine forest studied. In addition, results in this chapter give some indications for 

722 the necessity of measuring small-scale variability or consistency of patterns. 



Thee aim of this chapter was to test whether consistency of input and/or decomposition patterns can 

explainn the spatial variability in soil organic matter stocks observed in the stand studied. The results 

off the scenarios 3 to 6 all showed that increasing consistency of patterns lead to increasing standard 

deviationss of soil organic matter stocks. Additionally, large standard deviations in input and/or 

decompositionn can only explain the high standard deviations in soil organic matter stocks when 

(spatial)) patterns of decomposition are consistent in time. When spatial patterns of input and 

decompositionn vary in time, (final) standard deviations of soil organic matter are much lowerthan 

observedd in the Kootwijk stand. However, when spatial patterns are consistent, the model output 

approachess the standard deviations of the measurements, although direct comparison is not 

possiblee because of differences in support. 

Thee model results also indicate that when soil organic matter stocks show small variability, it not 

necessarilyy means that litter input and/or decomposition are also not very variable. Small standard 

deviationss in soil organic matter stocks may also result from regular shifts in the patterns of input and 

decomposition.. For instance, yearly shifts in the location of fungi can temporarily enhance 

decompositionn rates in small spots, but overall may lead to lower standard deviations in soil organic 

matterr stocks. So, when variability of soil organic matter stocks seems not to correlate with variability 

off litter input or decomposition, studying the consistency of patterns in these factors may give better 

results. . 

Inn the model, spatial correlation was not incorporated, while spatial patterns of decomposition 

ratess and the several sources of litter input might all act at different scales. In addition, sources of 

litterr input may be correlated with other sources of input or with decomposition. These factors could 

nott easily be added to the model and were therefore not taken into account. In soil science limited 

attentionn has been to the temporal shifts or consistency of spatial patterns in soil properties and 

II have to conclude that these factors are particularly relevant for studies on carbon and nutrient 

cycling.. In contrast, this concept is acknowledged in ecology and nature conservation in 

Thee Netherlands. This is reflected in the surprising similarity between the model and the 'relation 

theory'' of Van Leeuwen (1966). The latter connected high temporal variation with spatial evenness 

andd attributed heterogeneity in spatial patterns to equality-in-time. It is evident that integrated 

ecosystemm research combining these results might be very interesting. 





77 Grazing in Scots pine forests : synthesis . 

Inn the Netherlands, grazing by large herbivores is increasingly used in nature conservation to 

counteractt grass-encroachment and reduce the large stocks of soil organic matter. This may 

eventuallyy result in increased species diversity and improved conditions for forest regeneration 

Thee main goal of this research was to investigate whether these aims of grazing could be achieved 

inn Scots pine forests. The research was focussed on dynamics of both organic matter and nutrients 

andd the following questions had to be answered: 

Iss grazing effective in reducing stocks of soil organic matter, taking into account spatial 

variabilityy in soil parameters7 

•• Can the nutrient status of the soil be reduced by grazing, through reduced input of litter 

andd successive changes in the processes determining the availability of nutrients, such as 

decompositionn and mineralisation7 

Inn order to answer these questions, several approaches can be used, including comparison of 

(existing)) long-term grazing projects with nearby non-grazed areas, or a fresh start with the initial 

situationn clearly described, as was chosen for this study. The grazed and control sites were monitored 

simultaneouslyy during the experiment. This enabled a constant comparison and therefore elimination 

off several external factors that would affect both grazed and non-grazed sites, such as seasonal and 

year-to-yearr fluctuations in biomass production and weather (temperature and precipitation), atmos

phericc deposition and the successional increase in soil organic matter (Emmer, 1994). 

Thee experiment was performed in a first generation Scots pine forest ecosystem on nutrient-poor 

acidd sandy soils. The undergrowth vegetation was dominated by Deschampsia flexuosa In these 

forests,, decomposition rates are retarded and a Mormoder humus form develops (Green et al., 1993) 

Thiss means that most soil organic matter is concentrated in the organic horizons and possible 



changess in the soil organic matter stocks may be relatively easy to detect. In addition, the nutrient-poor 

soilss make it more likely that nutrient limitations due to grazing occur. 

Grazingg usually results in a mosaic of patches that are grazed with various intensities (Bakker, 1989). 

Thesee differences in grazing density are not always easy to detect and relations between grazing 

intensityy and impacts of grazing therefore are hard to identify. In the experiment, grazing densities 

weree very homogeneous within the sites and distinctly different between the sites. This situation 

couldd be established because the limited number of species in the undergrowth vegetation and 

thee short but heavy grazing periods prevented preferential feeding. The homogeneity of grazing 

pressuree and site conditions resulted in relatively homogenous effects of grazing. 

Impac tt  of grazin g on soi l organi c matte r 
Basedd on the hypotheses of decreased litter input and increased decomposition rates, grazing was 

expectedd to cause a decrease in soil organic matter stocks. This part deals with the impact of grazing 

onn litter input, decomposition rates and shows that soil organic matter stocks were not reduced by 

grazing.. The spatial variability appeared to be very important for the interpretation of the 

measurements,, but also gave valuable information on ecosystem functioning. 

LitterLitter  input 

Grazingg reduced standing biomass and consequently litter input through the consumption of above 

groundd biomass. However, after seven years of grazing the indirect effects, i.e. a 35% reduction in 

shoott biomass production and a 30% reduction in root biomass production, appeared to be more 

importantt (chapter 3). The study of the various types of litter input also showed that grass shoot 

litterr input is only a small part of total litter input and that grass roots are much more important. 

Astreee litter was not affected by grazing, the total litter input was reduced by 20%. In addition, 

thee importance of tree litter increased from 30% of the total litter to 4 0 % of the total litter input 

(chapter3). . 

DecompositionDecomposition  rates 

Decompositionn rates of fresh needles and grass shoot litter appeared unaffected by grazing 

(chapterr 4). This means that potentially altered physical conditions are apparently not important 

forr litter breakdown in this part of the organic matter cycle It is therefore very unlikely that in 

underlyingg horizons (F and H) increased temperatures or altered moisture conditions will result in 

increasedd decomposition rates, in contrast, based on theoretical arguments it seems more likely that 

grazingg leads to decreased decomposition rates. Firstly, the input of fresh, i.e. easily decomposable, 

litterr decreases due to grazing, which leads to a shift in the ratio labile to refractory organic matter. 

Sincee at least some labile organic matter is needed for a further breakdown of the more refractory 

components,, the latter will likely decrease. Secondly, due to the increasing significance of the pine 

litterr compared to grass roots and shoots, the lignin rich organic material will become more 

important,, possibly resulting in even lower decomposition rates. However, decomposition rates in 

olderr soil organic matter are already very low and the effect of changes therefore must also be 

relativelyy limited (chapter 5). 



So/77 organic  matter  stocks 

Thee possible changes in soil organic matter stocks, resulting from decreased litter input and 

changess in decomposition rates, were modelled over a 25 year period (chapter 5). Model results 

showedd that the soil organic matter stocks are very robust, and only small differences could be 

expectedd within the seven years of the experiment. Even after 25 years changes are probably too 

smalll to be detected, unless litter input or decomposition rates are such that they must be 

consideredd unrealistically. 

Changess in soil organic matter stocks were also measured, through sequential sampling of the humus 

profilee (chapter 5). The measurements showed that incidentally differences between the grazed and 

controll sites were just significant, but the results were not consistent and in 1998, all statistical 

significantt differences had disappeared. The inconsistencies in these results were attributed to the 

highh variability in the soil organic matter stocks, which hampers accurate estimations of these stocks. 

Itt also explains why the small differences predicted by the model, could not be measured: given the 

observedd variation, only differences larger than 1.9 kg.m can be measured in the field. Only when 

litterr input and decomposition rates were unrealistically changed, the model predicted differences 

largerr than this value. 

Irrespectivee of spatial variability, a decrease in soil organic matter stocks is most unlikely. 

Ass mentioned above, there is not much reason to expect that decomposition rates will increase 

andd despite the 30 -35% decrease in the input of grass shoots and roots under grazed conditions, 

thee soil organic matter stocks will increase in time, because the forest is still in an accretion phase 

(chapterr 5). The strong reduction in the thickness of the organic horizons (chapter 2) must therefore 

bee attributed to an increase in compactness, owing to the trampling by the cows. 

Itt should be noticed that in other (forest) ecosystems the ratio between tree litter input and litter 

inputt of the undergrowth vegetation might be different. Consequently, the reduction in litter input 

mayy also differ, which may result in a different impact of grazing on soil organic matter stocks. 

SpatialSpatial  variability  in  soil  organic  matter  stocks 

Spatiall variability hampered an accurate estimation of stocks of soil organic matter. However, it 

alsoo gave valuable information on the functioning of the ecosystem. Spatial variability could not 

bee explained by large-scale site conditions, such as slope angle, aspect or the presence of a buried 

podzol.. Even the distance of the sample plot to the nearest tree was not correlated to soil organic 

matterr stocks. These results were confirmed by the results of the small-scale spatial analyses revealing 

thatt most of the spatial variability was short distance variability (< 1.5 m). The scale of the spatial 

variabilityy in soil organic matter was very much in accordance to the scale of the tussock structure 

off the grass (chapter 2). 

Thee tussock structure may affect the variability in soil organic matter stocks by causing small-scale 

differencess in litter input and decomposition. In the tussocks, root litter input may be much higher 

thann between tussocks. Tussocks also affect the micro-topography of the soil and cause tree litter 

input,, particularly pine cones, to accumulate between the tussocks, as was noticed in field 

observations.. This may imply that spatial variability in tree litter input has a strong spatial correlation 

att very short distance. Spatial variability in decomposition rates was not measured but these rates 



mayy vary spatially because of spatial differentiation in substrate quality. Unfortunately, the 

importancee of these small-scale patterns became only apparent during the later years of the 

experiment.. Measurements of litter input, decomposition and soil organic matter stocks were 

performedd at different supports (spatial scales of the measurements) Therefore, the impact of 

small-scalee patterns in input and decomposition on soil organic matter stocks could not be verified 

withh field data. However, a conceptual model showed that spatial variability in input and 

decompositionn rates may cause high variability in soil organic matter stocks, especially only 

whenn these spatial patterns are consistent in time (chapter 6). 

Impac tt  of grazin g on nutrien t cyclin g 
Inn the previous section, it became clear that soil organic matter stocks are very robust and grazing 

doess not lead to major reductions. In contrast, nutrient availability was clearly affected by grazing 

InputInput  of  nutrients  to  the soil 

Thee input of nutrients to the soil compartment decreases with the input of litter, but not uniformly 

sincee different nutrients appeared to be affected differently (chapter 3). Plant macronutrients such 

ass N, P and K were affected most, and with 23% (N and P) and 30% (K) the decrease was higher 

thann expected from the total decrease in litter input. This is partly due to the large decrease in input 

off grass roots, which have relatively high N and P concentrations. Also, the decrease in input of N 

andd P via grass shoot litter was relatively large due to increased retranslocation of nutrients from 

thee dying leaves under grazed conditions. The decrease in K input was mainly caused by the 50% 

reductionn in the input of grass shoots, which had high concentrations of K. Input of K is particularly 

throughh leaching from the vegetation and to a lesser extent through shoot litter input, as evidenced 

byy large differences in K concentrations between living and dead grass shoots The input of Ca 

inn litter was only reduced with 10%, because of the high contribution of tree litter with high 

Caa concentrations (chapter 3). 

NutrientNutrient  availability 

Theree were not only differences between nutrients in input reduction, but also in turnover rates. This 

mayy be important as to which nutrient becomes (the most) limiting factor for Deschampsia flexuosa 

Thee release of N and P from decaying litter is relatively slow and may take 1 to 1.5 years (chapter 4) 

Thiss means that it may take a few years before a reduction in N and/or P availability due to grazing 

willl occur The N-minerahsation study and the ammonium levels indeed suggest a decrease in 

N-availability,, but only after seven years of grazing. Whether N becomes a limiting nutrient to plant 

growthh is not clear. The N concentration in living grass did not differ, but retranslocation was higher 

underr grazed conditions, which suggests that some limitation occurs. On the other hand, the N:P 

ratioss of grass shoots, ranging from 14 to 17, suggest that N and P are in balanced supply. Also, the 

inputt of N via atmospheric deposition could more or less balance the decrease due to grazing, which 

mayy make the decrease less important in a relative sense. Nevertheless, it is still possible that the 

availabilityy of both N and P (not measured), decrease and lead to a lower production of biomass 
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Inn contrast to N, K is a relatively mobile ion. The input of K was mainly through leaching from 

dyingg needles and grass shoots and the remaining K was released from litter almost completely 

withinn 10 weeks. Potassium levels in the soil seemed to decrease after a few years of grazing already 

andd after seven years of grazing they were significantly reduced by o Apart from the mobility 

off K, the reduced levels of K at the cation exchange complex may be due to interactions with the 

divalentt cations Ca and to a lesser extent Mg, which are preferentially bound to the soil exchange 

complex.. As pointed out above, Ca levels in pine litter were twice as high as in grass litter, and 

furtherr increase in importance because pine litter was not reduced by grazing, while grass litter 

inputt was. Potassium may be exchanged and since root biomass and thus uptake are also much 

lowerr under grazed conditions, subsequently leaches to deeper horizons. Because K-levels in living 

grasss are relatively high and amount to 15 mg.g , compared to 6 mg.g in pine needles, this 

decreasee in K-availability in the soil may impose serious problems upon the productivity of 

DeschampsiaDeschampsia flexuosa. 

Thus,, the availability of both N and K is clearly reduced. It is not known which of these two is the 

mamm limiting nutrient. However, the latter may be more likely since it takes at least a few years 

beforee N availability will be reduced, while the reduction of K may start immediately and also 

becausee K levels are much higher in the grass than in the pine needles. 

DecreasedDecreased  biomass  production 

Thee results clearly indicate that biomass production of Deschampsia flexuosa was reduced upon 

grazingg (chapter 3). It seems likely that the above-described decrease in nutrient availability in the 

soill explains at least some of this lower plant productivity. However, a reduced productivity may also 

bee caused by direct effects of grazing on the plants (Hulme et al., 1999). The repeated removal of 

shoott biomass leads to export of nutrients and potentially to a decrease of amounts retranslocated 

andd stored in the plant (Lambers et al., 1998). Moreover, the removal of shoots results in a decreased 

photosyntheticc apparatus (Crawley, 1983) The amounts of carbohydrates may become too small to 

maintainn a large root system, which is supported by the strong decrease in root biomass found in 

thiss study. This implies that the nutrient uptake capacity has decreased. Combined with the nutrient 

availabilityy in the soil, this very likely results in reduced nutrient uptake by the plants. Together with 

thee lower retranslocation and storage this means a clear reduction of the amount of nutrients 

availablee for biomass production. Such a decrease in productivity may become even stronger when 

differencess in nutrient turnover rates in the soil lead to a situation where a particular nutrient 

becomess more limiting than others. 

Thus,, the lower biomass production under a grazing regime is probably regulated by reduced amounts 

off available nutrients, but in a complex way, via reduced availability in the soil, plant responses and 

possiblyy shifts in the relative importance of particular nutrients. 
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Implication ss for biodiversit y and fores t regeneratio n 
Crass-encroachedd ecosystems generally have low light levels at the soil surface due to the dense 

grasss carpet, and the biodiversity has strongly decreased (Veer and Kooijman, 1997). In more open 

ecosystemss such as dune grasslands, the reduction in biomass due to grazing clearly leads to 

mprovedd light conditions. The chances for small species thus increase and biodiversity accordingly 

(Kooijmann and De Haan, 1995). In the pine forest of this study, light levels are much lower than dune 

grasslands,, but here too the reduction of biomass probably leads to improved light conditions at the 

soill surface. The species potentially occurring were the same, but the number of species has increased 

fromm 4 per m in the non-grazed site to 7 per m in the heavily grazed site. At the landscape scale, the 

effectt of increased light availability may be enhanced because light is spatially differentiated in 

aa situation of differing grazing intensities, such as the non-grazed, moderately and heavily grazed 

sitess of the study. Also, grazing probably leads to spatial differentiation in nutrient availability. 

Grazingg has been reported to redistribute nutrients from large grazing areas to small manured areas 

nearr shade or drinkwater locations (Mathews et al., 1994; Mcintosh, 1997). However, it should be 

keptt in mind that in the heavily grazed site, nutrient availability was clearly reduced, but especially 

ass a result of reduced production of grass shoots and roots rather than the amount of nutrients 

exportedd (chapter 4). 

Thee focus of this study was the improvement of conditions for forest regeneration. The actual establish-

mentt of tree species was not measured, because during the grazing period seedlings were supposedly 

eatenn by the cows. This has been shown, for instance, in the long term investigations in the New Forest, 

wheree under continuous grazing forest regeneration remained absent (Putman, 1986), or in long term 

modell results of Jorntsma et al. (1999). Nevertheless, an incidental survey of the species composition 

inn the gridpomts revealed that the establishment of tree species, such as Rhamnus frangula, Sorbus 

aucuparia,aucuparia, Pinus syivestris and Quercus robur was 2 to 6 times higher in the heavily grazed site. 

Thee mentioned species occurred there in 12-61 o of the plots. 

Ass soon as grazing is abandoned, the changes in site conditions due to grazing suggest that 

regenerationn may improve even more. The thick organic layers, which were supposed to inhibit 

germination,, did not disappear. It is, however, questionable whether regeneration is really hampered 

byy these thick organic layers. There are literature reports suggesting that establishment of trees is 

nott entirely impossible in thick organic layers (Emmer, 1995a; Fanta, 1986; Kooijman et al., in press). 

Oakk and beech trees appeared to establish in pine forests a little older than those of the study, and 

birchh trees occurred in spruce forests in middle mountain areas. 

Whilee changes in the organic matter stocks were basically absent, above ground biomass of the grass 

layerr and as such light conditions were clearly affected by grazing. The improved availability of light 

att the soil surface very likely lead to better chances for seedling establishment. The decreased 

availabilityy of nutrients may hamper growth of the seedlings. However, while the decreased levels 

off K may be a key factor to the decreased grass growth, the tree seedlings may be less affected by K 

imitation,, because their leaf concentrations are generally lower and their K need as well. Moreover, 

theirr roots may exploit deeper soil layers, where they can catch K leached from the organic horizons 

andd from weatherable minerals. 



Concludin gg remark s 
Thiss study shows that it is extremely difficult to reduce stocks of soil organic matter by grazing. 

Inn grass-encroached Scots pine forests, even after 25 years, stocks of soil organic matter are expected 

too be only o lower than under non-grazed conditions. Crazing applied as nature management of 

suchh stands is thus not very effective in reducing stocks of organic matter. In the light of the present 

dayy discussion about climate change and carbon sequestration, this can however hardly be seen as 

aa negative result. 

Inn terms of biodiversity, grazing also seems a positive measure. Although the stocks of N in the soil 

weree not affected, the availability of mineral N to the vegetation was clearly reduced. Perhaps even 

moree important is the reduction in both stocks and availability of K. Even if this does not lead to 

improvedd forest regeneration, it at least results in a decreased production of Deschampsia flexuosa 

andd increased biodiversity. 
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Samenvattin g g 

DeDe invloed  van begrazing  op de koolstof-  en nutriëntencyclus  in  Grove  dennenbossen  met 

vergrastevergraste  ondergroei. 

Inn Nederland zijn veel van de Grove dennenopstanden (Pinus sylvestris) vergrast en wordt de 

ondergroeii gedomineerd door Bochtige smele (Deschampsia fiexuosa). Daarnaast worden deze 

bossenn gekarakteriseerd door een sterke accumulatie van organische stof en een goed ontwikkeld 

humusprofiel.. Er wordt aangenomen dat deze beide factoren de biodiversiteit in deze bossen 

beperkenn en dat ze spontane bosverjonging verhinderen. Door middel van begrazing wordt 

geprobeerdd om de dominantie van gras alsmede de voorraden organische stof op de bodem terug 

tee dringen. Het doel van dit onderzoek is te toetsen of deze effecten inderdaad optreden in een 

Grovee dennenbos met grasondergroei. Hiervoor zijn twee onderzoeksvragen opgesteld, die in dit 

proefschriftt beantwoord zullen worden. 

11 Is begrazing een effectieve maatregel voor het verminderen van organische stofvoorraden, 

mett het oog op de ruimtelijke variabiliteit in deze bodemparameter? 

22 Kan begrazing zorgen voor verlaging van de nutriëntenstatus in de bodem, door middel van 

verlagingg van de strooiselaanvoer en de daarmee samenhangende processen, zoals afbraak 

enn mineralisatie, die tot veranderingen in de nutriënt beschikbaarheid leiden? 

Omm deze vragen te beantwoorden is een begrazmgsexperiment opgezet in een Grove dennen opstand 

nabijj Kootwijk, op deVeluwe. Deze opstand is in 1928 geplant op stuifzand en heeft nu een zeer 

homogenee vegetatie, zowel in de boomlaag als in de ondergroei. In de opstand zijn drie velden van 

11 hectare omheind, waarvan er een als controle diende en twee werden begraasd. Het licht begraasde 

veldd werd iedere zomer in juni 10 dagen begraasd door 5 koeien en het zwaar begraasde veld 

200 dagen door dezelfde koeien. De eerste graaspenode was in 1990, de laatste in 1996. Voor 

aanvangg van de eerste graaspenode in 1990 zijn in alle velden bodemkenmerken beschreven en 

monsterss genomen voor chemische analyse, om vast te stellen of de oorspronkelijke situatie in alle 

veldenn vergelijkbaar was. De bemonstering van de bodem werd herhaald na de derde (1992), de 93 



vijfdee (1994) en de zevende (1996) graasperiode om de veranderingen in de bodem te kunnen blijven 

volgen.. Deze metingen werden aangevuld met bemonstering van bovengrondse grasbiomassa, 

wortelss en boomstrooisel en afbraak en mcubatie-experimenten om een beeld te krijgen van de 

koolstof-- en nutrientencyclus. 

Inn hoofdstu k 2 is de variabiliteit van humusprofieleigenschappen onderzocht. In beide begraasde 

veldenn en in het controleveld zijn op verschillende ruimtelijke schalen de grasbiomassa, de horizont-

dikte,, de pH en de voorraden organische stof en wortels in het humusprofiel gemeten De variabiliteit 

inn deze kenmerken bleek, in zowel de begraasde velden als in het onbegraasde veld, niet verklaard te 

kunnenn worden door standplaatsfactoren als hellingshoek, expositie, afstand tot de boom of het 

moedermateriaal,, zodat op Veld-schaal' geen ruimtelijke correlaties werden gevonden. Op kleine 

schaall echter bleek er ruimtelijke correlatie te zijn, samenhangend met de polstructuur van het gras. 

Hierdoorr is het idee ontstaan dat deze polstructuur bepalend kan zijn voor humusprofieleigenschappen, 

hoewell dat door metingen niet direct aan te tonen was. Door begrazing werden de ectorganische 

horizonten,, en in het bijzonder de F horizont, gecompacteerd en de bovengrondse grasbiomassa 

gereduceerd.. De vanantie in de diverse humusprofiel kenmerken werd kleiner, maar de afstand 

waaroverr ruimtelijke correlatie bestaat werd door begrazing groter. Dit zou kunnen betekenen dat 

dee invloed van de graspollen op het humusprofiel afneemtdoor begrazing. 

Hoofdstu kk 3 behandelt de veranderingen in de strooiselproductie van bomen en gras. De aanvoer 

vann strooisel en daarmee nutriënten naar de bodem wordt deels verminderd door het afgrazen van 

bovengrondsee grasbiomassa. Daarnaast wordt de productie van deze bovengrondse biomassa met 

ongeveerr 35% gereduceerd, waardoor de strooiselproductie van gras in totaal met 50% is verlaagd. 

Dee productie van graswortels en daarmee graswortelstrooisel was onder begraasde omstandigheden 

3 0 %% lager dan onder onbegraasde omstandigheden. De totale strooiselproductie was echter slechts 

20%% verlaagd, doordat de productie van boomstrooisel met door begrazing beïnvloed werd 

Ditt betekende ook dat het aandeel van boomstrooisel in de totale strooiselproductie steeg van 

3 0 %% naar 40%. 

Begrazingg heeft niet alleen invloed op de hoeveelheid strooisel die de bodem bereikt, maar ook 

opp de hoeveelheid nutriënten, hoewel deze invloed per nutriënt verschilt. De concentraties van 

nutriëntenn in het strooisel verschilden niet tussen begraasde en onbegraasde vegetatie, maar er 

tradd wel een verschuiving op in de bijdrage van de diverse strooiseisoorten. Door het afgrazen van 

bovengrondsee grasbiomassa dat veel K bevat werd de aanvoer van K naar de bodem met 3 0 % 

verlaagd.. De aanvoer van N en P was verlaagd met 23%, vooral door een verminderde productie 

vann graswortels en grasblaadjes. Calcium was vooral afkomstig uit boomstrooisel, dat niet door 

begrazingg werd beïnvloed, waardoor de aanvoer van Ca slechts met 10% werd gereduceerd. 

Hoewell verwacht werd dat de afbraaksnelheid van organische stof zou toenemen door een verbetering 

vann de afbraakcondities, bleek de verlaging in de aanvoer van vers strooisel en nutriënten te leiden tot 

eenn onveranderde afbraak van organische stof en tot een verlaging van de nutriënten-beschikbaarheid. 

944 Dit deel van de nutrientencyclus wordt behandeld in hoofdstu k 4. De afbraak van verse dennen-



naaldenn en grassprieten werd gemeten door strooiselzakjes gedurende een jaar in het veld te 

incuberen,, maar bleek over deze periode niette worden beïnvloed. We! zijn er verschillen tussen 

dee nutriënten in de snelheid van vrijkomen uit het strooisel. 

Stikstoff en fosfor komen relatief langzaam vrij uit het strooisel (1 tot 1.5 jaar). Daardoor kan het ook 

eenn paar jaar duren, voordat een verlaging van strooiselmput tot uiting komt in een verlaging van de 

beschikbaarheidd van deze nutriënten. De resultaten van het N-incubatieexpenment en de ammonium-

concentratiess in de bodem laten zien dat de beschikbaarheid van N inderdaad afneemt maar dat 

dezee afname pas na zeven jaar optreedt. Het is niet duidelijk of deze afname een (imitatie vormt 

voorr het gras. De N-concentraties in het levende gras zijn niet lager in het begraasde veld, maar de 

retranslocatiee van N was daar wel hoger, wat op zekere limitatie zou kunnen duiden. Aan de andere 

kantt zou de atmosferische input van N de verlaging in de beschikbaarheid kunnen opheffen, maar 

dee verschillen tussen de velden blijven bestaan. 

Inn tegenstelling tot N is K relatief mobiel. De input van K gebeurt voornamelijk via uitspoel ing van 

hett nutriënt uit de vegetatie en de overgebleven K in het strooisel is binnen 10 weken vrijgekomen. 

Dee K-beschikbaarheid in de bodem van het begraasde veld lijkt al na een paar jaar lager te zijn dan 

inn het controleveld en na zeven jaren begrazing is K significant met 30% verlaagd. Dit is niet alleen 

tee wijten aan de grote mobiliteit van K, maar ook aan de interactie met Ca en Mg, die preferentieel 

gebondenn worden aan het adsorptiecomplex. Deze verhoogde aanwezigheid van Ca aan het 

adsorptiecomplexx wordt versterkt door de toenemende invloed van naaldstrooisel met hoge 

Ca-concentraties.. Kalium kan dus worden uitgewisseld en omdat de wortelbiomassa en daarmee de 

opnamecapaciteitt ook al waren verminderd, bestaat de kans dat K uitspoelt naar diepere horizonten. 

Omdatt het K gehalte in grassprieten veel hoger is dan in dennennaalden, zou deze verlaging in K 

beschikbaarheidd problemen voor het gras kunnen veroorzaken. 

Dee beschikbaarheid van N en K zijn duidelijk verlaagd. Het is niet duidelijk welke van deze twee 

nutriëntenn een limiterende factor zou kunnen zijn. De laatste ligt echter het meest voor de hand, 

omdatt de N-beschikbaarheid pas na een paar jaar zichtbaar wordt, terwijl de beschikbaarheid van 

KK eerder is verlaagd en ook omdat het K gehalte in gras zoveel hoger is dan in de dennennaalden. 

Dee verlaging van de strooiselaanvoer en de theoretische veranderingen in afbraak van bodem-

organischee stof kunnen leiden tot veranderingen in de voorraden bodemorganische stof. Deze 

voorradenn zijn gedurende het experiment regelmatig gemeten. Daarnaast is met een model 

geprobeerdd de veranderingen in deze voorraden te simuleren. De meet- en modelresultaten worden 

behandeldd in hoofdstu k 5. Soms vertoonden de metingen verschillen in voorraden organische stof 

tussenn de velden. Deze verschillen waren echter niet constant en over het geheel genomen konden 

geenn significante verschillen worden aangetoond, ondanks de 30-35% verlaging van de strooisel-

aanvoer.. Dit gebrek aan significante verschillen valt deels toe te schrijven aan de hoge variabiliteit 

vanvan de voorraden organische stof. Daarnaast bleek uit de modelresultaten dat verschillen nauwelijks 

kondenn worden verwacht omdat de aanvoer en afbraak van organische stof slechts een klein deel van 

dee voorraad uitmaken. Hierdoor zullen veranderingen in aanvoer of afbraak niet snel tot wezenlijke 

veranderingenn in de organische stofvoorraad leiden. Het model laat ook zien dat er op termijn wel 

verschillenn tussen begraasde en onbegraasde velden kunnen optreden, maar dat een werkelijke 95 



reductiee van de voorraden organische stoften opzichte van het huidige niveau erg onwaarschijnlijk 

is,, ongeacht de variabiliteit van deze voorraden. 

Dee variabiliteit in de voorraden organische stof is hoog, terwijl de bosopstand gekenmerkt wordt 

doorr een homogene vegetatie en een homogeen moedermateriaal. De gevolgen van de ruimtelijke 

variabiliteitt zijn in de vorige hoofdstukken aan de orde gekomen, maar de oorzaken hiervan konden 

niett worden achterhaald. In hoofdstu k 6 is een numeriek experiment uitgevoerd om te testen of het 

mogelijkk is dat de variabiliteit in de voorraden organische stof een gevolg kan zijn van consistentie 

inn de patronen van strooiselaanvoer en -afbraak. Dit bleek het geval te zijn. De resultaten lieten ook 

zien,, dat een hoge variabiliteit m invoer of afbraak alleen tot een hoge variabiliteit in bodem-

organischee stof kan leiden als de patronen consistent zijn. Wanneer de patronen regelmatig wisselen 

zall de standaarddeviatie van de voorraden bodem organische stof lager worden. Hoewel dit concept 

niett volledig uitgewerkt kon worden door verschillen in ruimtelijke schaal van de metingen, biedt het 

ideeënn voor verder onderzoek en geeft het een indicatie voor de noodzaak van het meten van de 

variabiliteitt van strooiselaanvoer of afbraak. 

Inn hoofdstu k 7 worden de diverse conclusies uit vorige hoofdstukken gecombineerd om uitspraken 

tee kunnen doen over de mogelijke implicaties van begrazing voor biodiversiteit en bosverjonging. 

Hett is duidelijk dat begrazing in Grove dennenbossen met grasondergroei niet zai leiden tot verlaging 

vann de voorraden bodemorgamschestof. De beschikbaarheid van stikstof en kalium is echter wel 

afgenomenn en dit zou de verlaagde biomassaproductie kunnen verklaren. Dit kan ook een gevolg kan 

zijnn van het directe effect van grazen, maar de daaraan gerelateerde verlaging van de wortelgroei 

betekentt dat de opnamecapaciteit voor nutriënten ook vermindert. Dit kan de effecten van de 

verlaagdee beschikbaarheid juist versterken. 

Begrazingg in bossen kan de diversiteit in standplaatsfactoren en daarmee de biodiversiteit vergroten. 

Hoewell in bossen de lichtniveaus op de bodem lager zijn dan in open vegetatie, kan de verwijdering 

vann gras het lichtklimaat op de bodem verbeteren en het aantal soorten vergroten. Behalve licht, 

speeltt ook de ruimtelijke differentiatie in nutriëntenbeschikbaarheid een rol. Op de begraasde delen 

vann het gebied worden nutriënten afgevoerd, die lokaal, op bemeste plekken in de bodem terecht-

komen.. De verlaging van de nutriëntenbeschikbaarheid m de begraasde terremdelen is echter niet 

alleenn het gevolg van export, maar valt in grote mate toe te schrijven aan de verlaging in productie 

vann grasworte! en grassprieten. 

Begrazingg heeft vaak tot doel om de bosregeneratie door middel van de verwijdering van het organisch 

profiell te verbeteren. Zolang de begrazing voortduurt, worden zaailingen meestal opgegeten en 

treedtt er geen regeneratie op. Tijdens een eenmalige vegetatieopname bleek echter dat het aantal 

zaailingenn van boomsoorten in het zwaarbegraasde veld 2 tot 6 keer hoger was dan m het controle-

veld,, ondanks de grazende koeien en de stabiliteit van het organisch profiel. Na het stoppen van 

begrazingg zou de verlaging van de K-beschikbaarheid ook een rol kunnen spelen in de bosverjonging. 

Boomsoortenn hebben ten eerste een lagere K-behoefte dan gras en zijn daarnaast in staat K dieper 

uitt de bodem op te nemen 



Uitt dit onderzoek is duidelijk geworden dat het verlagen van de voorraden organische stof in de bodem 

doorr begrazmg erg moeilijk is. Dat betekent dat begrazing als beheersmaatregel voor dit doel niet erg 

geschiktt is. In het licht van de huidige discussies over koolstofvastlegging kan dit echter niet als een 

negatieff resultaat worden beschouwd. In de zin van biodiversiteit lijkt begrazing ook een positief 

effectt te hebben, door de verlaging van N- en «-beschikbaarheid. Als dit al niet leidt tot een betere 

bosregeneratie,, dan tn ieder geval wel tot een hogere diversiteit in de ondergroei. 





Dankwoor d d 

Zoo helemaal achter in dit proefschrift wordt het de hoogste tijd om een aantal mensen te bedanken 

voorr hun hulp gedurende de afgelopen jaren. Soms leek het alsof ik dit onderzoek in mijn eentje deed, 

maarr niets is minder waar. Zonder de hulp van vele mensen had ik dit dankwoord waarschijnlijk niet 

eenss hoeven schrijven. 

Alss eerste wil ik Jan Sevink bedanken. Jan, als promotor ben je in ieder geval in eerste instantie 

dee motor achter het onderzoek geweest, door uit het begrazmgsproject een promotieonderzoek te 

formuleren.. Toen je mij vroeg dit onderzoek te gaan doen, was ik er zelf niet zo van overtuigd dat ik 

hett ook daadwerkelijk zou kunnen. Het feit dat het proefschrift er nu ligt, geeft aan datje het toch 

goedd gezien had. Gedurende de afgelopen jaren heeft jouw met te evenaren optimisme me wel eens 

tott wanhoop gebracht, maar over het algemeen heeft het me vooral gestimuleerd een schijnbaar 

hopelozee dataset weer eens wat positiever te bekijken 

Annemiekee Kooijman heeft als copromotor een minstens zo grote rol gespeeld. Annemieke, alleen 

all je vermogen om mijn gedachtenkronkels te ontwarren maar ook je akelig kritische blik op al mijn 

tekstenn hebben de kwaliteit van dit proefschrift zeker goed gedaan. De vele relativerende lachbuien 

enn de samenwerking bij het Luxemburgveldwerk hebben me vaak het zetje gegeven net even dieper 

tee graven. Ik wil je ook bedanken voor alle tijd die je hebt vrijgemaakt, vooral in de laatste maanden. 

Dee collega-Fysisch Geografen en vooral Albrecht, Guda, Mark, Nienke, Pi eter, Sander en Stefan wil ik 

bedankenn voor de broodnodige gezelligheid bij de koffiepauzes, de (niet altijd opgevolgde) adviezen 

enn de hulp bij het Matlabgepruts. Guda en Stefan wil ik bedanken voor alle redenen om iets te gaan 

vieren.. Albert Bolt heeft de nodige ritjes Kootwijk gemaakt om naalden of litterbags te verzamelen 

enn heeft geholpen met het ontwerp voor de 'wortelkernenvuller', waarvoor mijn dank. Mieke en Tanya 

will ik bedanken voor alle hulp op de momenten dat ik te veel moest doen in te weinig tijd of ruzie 

kreegg met het faxapparaat. 



Ikk heb in totaal bijna een jaar in het laboratorium doorgebracht. Gelukkig wist ik toen nog niet dat 

err 2137 gloeiverliesmetingen in 1 grafiek passen en dat bijna 4000 pH-metingen in slechts een paar 

regelss tekst kunnen worden beschreven. Joke, Leo, Ton, Irma en Piet hebben me in het laboratorium 

regelmatigg moed ingesproken als ik weer eens met een pincetje honderden worteltjes zat uit te 

zoekenn of een onmogelijk grote serie extracten moest maken. Zij hebben in de loop van dit onderzoek 

ookk de nodige analyses voor me uitgevoerd, waarvoor mijn dank. 

Tijdenss de diverse veldwerkperiodes heb ik de nodige hulp gehad van studenten. Selma, Ernst, 

Jasperr en René wil ik graag bedanken voor de gegevens die ZIJ hebben verzameld voor het hoofdstuk 

overr ruimtelijke variabiliteit, voor hetzaaien en uitdunnen van de radijsjes die helaas voortijdig 

'verdwenen'' en de hulp bij het bemonsteren van bodem en grasjes. Het 'TNTMips wortelfeest' van 

Mirjamm leverde belangrijke gegevens op. Verder hebben veel studenten mij op een indirecte manier 

geholpenn door met moeilijke en bijzondere vragen langs te komen, waardoor ik steeds weer werd 

aangezett om verder te denken over dingen die buiten de grenzen van mijn onderzoek leken te vallen. 

Ikk wil langs deze weg ook Staats Bos Beheer bedanken voor de toestemming om het experiment uit 

tee voeren. Het promotieonderzoek werd uitgevoerd in het verlengde van het project Bosbegrazing, 

waarinn werd samengewerkt met Rolf «emmers en Peter Mekkmk. Deze prettige samenwerking is na 

19955 voortgezet en ik ben hen en daarmee het voormalige Staring Centrum, tegenwoordig Alterra, 

grotee dank verschuldigd voor het in stand houden van het experiment en het organiseren van de 

koeien,, die het vele graaswerk op zich hebben genomen. 

Fredenkee Boomars heeft zorg gedragen voor de vormgeving. Frederike, je hebt me meedere malen 

verbaasdd met de kunstzinnige blik waarmee je mijn wetenschappelijk verantwoorde grafieken bekeek 

enn vervolgens tot mooie figuren hebt omgetoverd. Je hebt van dit proefschrift een prachtig boekje 

hebtt gemaakt, dank je wel. 

Hoewell ik de afgelopen jaren met veel plezier aan dit proefschrift heb gewerkt, ben ik vooral veel 

dankk verschuldigd aan iedereen die me van mijn proefschrift afhield en voor de nodige afleiding 

heeftt gezorgd. Marinette, Ingrid, Sandra, Hetty, Mirabelle en Ciska, voor de leuke afleiding, de 

e-mailss en het opbeuren. Iedereen van 'la Tncotea' bedankt voor de muzikale woensdagavonden 

Tenslotte,, maarzeker niet in de laatste plaats wil ik mijn familie bedanken vooralle steun in de 

afgelopenn jaren. Mijn ouders voor de ontelbare kleine en grote zetjes in de rug, maar ook voor de 

hulpp bij het naaien van de litterbags, het bouwen van exclosures, het nemen van monsters en het 

gezelschapp bij vele 'weekenduitstapjes' naar Kootwijk. Rob en Sharina, jullie hebben altijd voor de 

nodigee afleiding gezorgd met etentjes en wandeltochten. Daarnaast vond ik het altijd erg leuk dat 

julliee zo geïnteresseerd waren in mijn onderzoek en de voortgang van de diverse hoofdstukken, die 

julliee feilloos uit elkaar wisten te houden. En dan wil ik opa en oma bedanken voorde eindeloze 

interesse,, vooral in het maatschappelijk belang van het onderzoek en natuurlijk ook voor de hulp in 

Kootwijkk Oma, als het aan u had gelegen, had ik alle litterbags, worteltjes en andere prutklusjes in 

Denn Helder afgeleverd. Het is er nooit van gekomen, maar jullie aanwezigheid op afstand was mij 

1000 minstens zoveel waard 



Curriculu mm vita e 

Annemiekee werd op 1 augustus 1970 geboren in Zaandam. Zij bezocht het Zaanlands Lyceum, waar 

zee in 1988 het VWO-diploma haalde. Vervolgens koos ze voor de studie Fysische Geografie aan de 

Universiteitt van Amsterdam, wat al snel een goede keuze bleek te zijn. Ze deed het eigen onderzoek 

opp de Veluwe naar de effecten van begrazing op humusprofielkenmerken. Na de afronding van dit 

onderzoekk maakte ze kennis met het Kootwijkexperiment en heeft ze als student-assistent de 

bemonsteringg en chemische analyses van 1992 uitgevoerd. Daarnaast heeft ze twee keuzevakken 

gedaan:: simulatie en geostatistiek. In 1993 heeft ze vier maanden stage gelopen bij de vakgroep 

Forestt Sciences van de University of British Columbia in Vancouver. Gedurende het vele veldwerk in 

dee zeer gevarieerde bossen van British Columbia is de interesse in bosecologie gewekt. Na het 

afstuderenn heeft ze een halfjaar gewerkt als onderzoeker, wederom aan het Kootwijkexperiment. 

Beginn 1995 is ze bij de vakgroep Fysische Geografie en Bodemkunde als Aio begonnen met haar 

promotieonderzoek,, waarvan dit proefschrift het resultaat is. 

101 1 





'Inn the end, you realise that the excersise, the journey is ever as important as the end result.' 

 S '.V.Y:-  ". 
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