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5 5 
CC and P cycling in a Dutch heathland under climate change: combining 

fieldfield and model experiments* 

Abstract t 
Thee decomposition of plant litter and organic matter is an important process in all 
terrestriall  ecosystems. Climate change affects the quantity and timing of litterfall 
whichh in turn, can have a strong effect on the carbon (C) budget of the ecosystem 
andd on nutrient mineralization. At the phosphorus (P) limited Dutch heathland 
'Oldebroeksee heide' climate conditions were manipulated since 1999 by elevated 
temperaturee (on average 0.5°C in the topsoil) and summer drought. This resulted in 
changess in plant biomass, in annual plant litter production, in litter decomposition 
ratess and in net phosphorus (P) mineralization in the litter layer. To quantify the 
effectt of these changes on C and P cycling in the fresh organic matter compartment 
aa simple model was developed to simulate the decay of daily litterfall cohorts during 
aa short (1 year) and long term (5 years) period for the different climate conditions. 
Montee Carlo simulations were used to evaluate the statistical significance of the 
modell  outcome. On the short term, the heating treatment decreased C storage in 
decomposingg fresh litter, however plant C biomass increased, which resulted in 
increasedd C storage in both these compartments. On the long term increased 
litterfalll  as a consequence of increased plant biomass increased C storage in 
decomposingg fresh litter. Fresh C storage in the drought treatment decreased on the 
shortt and long term. Together with decreased plant C biomass this resulted in 
decreasedd C storage in both these compartments. In both treatments less P was 
mineralizedd and P cycling rates decreased which could limit plant growth in the 
heatingg treatment and further limit plant growth in the drought treatment. 

**  With E.E. van Loon and A. Tietcma 
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Introduction n 

Thee decomposition of plant litter and organic matter is a key step in the biological 
cyclingg of nutrients in all terrestrial ecosystems. Important factors determining litter 
decompositionn rate are the biochemical composition and physical structure of 
organicc matter (Swift et al, 1979; Taylor et al, 1989; Berg et al., 1996) and the 
physico-chemicall  environment for decomposition (Fog, 1988; Berg et al., 1993; 
Sjogerstenn and Wookey, 2004). Climate change affects litter decomposition rate and 
thee subsequent mineralization of nutrients by both these factors (Kirschbaum, 1995; 
chapterr 3). Also, climate change affects plant productivity and plant foliar nutrient 
concentrationss (Penuelas et al, 2004). Changes in plant productivity, can result in 
changess in quantity and timing of litterfall (Penuelas et al., 2004), whereas changes 
inn plant foliar nutrient concentration is known to affect decomposition rate through 
itss effect on the availability of nutrients to the decomposing community (Aber & 
Melillo ,, 1982; Berendse et al, 1987; Berg & McClaugherty, 1989; Austin and 
Vitousek,, 2000; Hattenschwiler and Gasser, 2005). Together these changes in 
climatee conditions, plant productivity, quality, quantity and timing of litterfall could 
havee a strong effect on the organic matter budget of an ecosystem. Especially in 
nutrient-deficientt ecosystems the effect of these changes on the mineralization of 
thee limiting nutrient is expected to be important for the regulation of plant growth. 
Thee Dutch heathland area 'De Oldebroekse heide' has a weathered, acid sandy soil, 
withh very low soil phosphorus (P) concentrations. At this heathland area, climate 
conditionss were manipulated since May 1999 (Beier et al., 2004). The manipulation 
involvedd night time warming and summer drought in 20 m2 plots and resulted 
amongg other things in: (a) a trend towards an increased plant biomass in the heated 
plotss and a trend towards a decreased plant biomass in the drought plots in the year 
20000 and 2001 (Penuelas et al., 2004), (b) a reduction in the amount of litterfall in 
bothh the heated and drought plots in the year 2000 (Penuelas et al., 2004) and (c) 
enhancedd litter decomposition rate during the first half year of decomposition in the 
heatedd plots and decreased litter decomposition rate and net P mineralization in the 
droughtt plots (chapter 3). The overall effect of these changes on C and P cycling is 
howeverr not yet clear. The main causes for this are the possible feedbacks in the 
regulationn of these processes, the high spatial variability and the large pool sizes in 
relationn to the fluxes. Our objective in this study was to quantify C and P cycling 
underr influence of varying climate conditions at the Dutch heathland 'Oldebroekse 
heide'.. Litter production and plant biomass were monitored as well as their nutrient 
concentration.. We focused on the decomposition of fresh newly shed litter, because 
thee decomposition of older soil organic matter (>3 years) has been reported to be 
resistantt to changes in temperature (Knorr et al, 2005; Liski et al, 1999). However, 
becausee litter decomposition rate was permanently affected by the yearly 
reoccurringg drought treatments (chapter 3) and because of possible feedback 
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mechanismss between changes in plant biomass and subsequent litterfall, we 

estimatedd C and P cycling on the short term (1 year) and forecasted changes in C 

andd P cycling for the following 4 years (long term). We used a simple dynamic 

modell  to integrate data on litterfall and decomposition rate to estimate fresh organic 

matterr storage (fresh OM) and P mineralization during decomposition of fresh 

senescedd litter at our experimental site. 

Material ss and methods 

StudyStudy area 

Fieldd scale climate treatments were conducted at a dry heathland area called 

'Oldebroeksee heide' in the center of the Netherlands (52°24' N; 5°55' E). The site was 

dominatedd by the perennial woody dwarf shrub Calluna vulgaris (L.) Hull. (95% 

groundcover).. The soil is a nutrient-poor, well-drained, acid sandy Haplic Podzol 

(FAO,, 1998) with a mormoder humus form (Green et al., 1993) and the site 

experiencess high N deposition (20-25 kg N ha ' y ')  Further details on the site are 

presentedd in Table 5.1. 

Tablee 5.1 Site characteristics 'Oldebroekse heide'. 
Location n 
Altitudee <m) 
Yearlyy mean air temperature (°C) 
Precipitationn (mm year ') 
NN deposition (kg ha ' year ') 
Vegetation n 
Above-groundd CfgCra2) 
Soill  type 
Humuss form 
Organicc layer 

depthh (cm) 
pH H 
C/N N 
organicc matter (g kg ') 
bulkk density (g cm3) 

Organicc rich mineral horizon 
depthh (cm) 

PH H 
organicc matter (g kg x) 
bulkk density (g cm3) 

52°24'' N, 5°55' E 
25 5 

10.1 1 
1042 2 
20-25 5 

CallunaCalluna vulgaris 
584 4 

Haplicc Podzol 
mormoder r 

++ 4 -0 
3.7 7 
26.0 0 
650 0 
0.11 1 

0-16 6 
3.8 8 
33 3 

1.69 9 
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ClimateClimate treatments 

Ninee experimental plots of 5 m * 4 m were established in homogeneous areas within 

thee site. Three treatments were allocated randomly: control (C), heating (H) and 

prolongedd drought (D) during the growing season. Around each plot, a light 

scaffoldingg structure was built of galvanized steel tubes covered by thin plastic 

sleevess to prevent metal contaminants leaching into the plot. In the heating plots, 

thiss frame supported a retractable, infrared reflective curtain. A small motor 

activatedd by a light sensor drew this curtain over the vegetation at night, to reduce 

thee loss of infrared radiation, and removed it again at daytime. A tipping bucket rain 

sensorr activated the removal of the curtain at night to enable rain to enter the plot. 

Overr the drought plots, the retractable curtain was made of transparent plastic. The 

rainn sensor activated the motor to extend this cover over the plots once rain was 

detectedd and removed the cover when the rain had stopped. Further details on the 

methodd can be found in Beier et al. (2004). Monitoring of the plots started in 

Decemberr 1998 (pre-treatment) and the treatments started in May 1999. The effect 

off  the heating treatment during the experiment was an average increase of 0.5°C in 

thee topsoil compared to the control, depending on season. 

Thee two-month summer drought treatment reduced precipitation in the growing 

seasonn (May to September) with 45% compared to control in 1999, 51% in 2000, 

43%% in 2001, 43% in 2002, 70% in 2003 and 42% in 2004. 

LitterLitter production 

Litterr production was monitored from 3 Feb. 2003 until 21 April 2004 (455 days) 

withh six circular litterfall collectors per plot (each collector with an area of 78.5 cm2; 

77 cm height). The litterfall collectors were placed randomly at different locations in 

thee plots. The collectors had four openings in the bottom, covered by a fine mesh (1 

mm2)) to ensure drainage. Litter collectors were emptied every six weeks (for exact 

litterfalll  collection dates see Fig. 5.2) and their contents was weighed. The senesced 

litterr was bulked per plot over the year and total C was analyzed on a CNS analyzer 

(Varioo EL analyzer, Elementar), and total P on a ICP-OES (Optima 3000XL,Perkin 

Elmer)) after a HNO* + HC1 digestion (4.0 ml HNO3 65%, 1.0 ml HC1 37% and 1.0 ml 

H2O)) in a microwave oven (Multiwave, Anton Paar). 

Thee average amount and standard deviation of the litter accumulated in the 18 

collectorss was calculated for each treatment and evenly distributed over the six 

weekss preceding the litterfall collection day, to obtain daily litterfall (g m 2). 

PlantPlant biomass 

Plantt response to the climate treatments was measured by the pinpoint method 

(Jonasson,, 1988). These pinpoint measurements were conducted annually at peak 

biomasss in August since 1998. A sharpened pin was lowered through the vegetation 

att a number of points. Each plant-hit with the pin was counted and the plant 
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species,, plant part for C. vulgaris (current year shoots, stems and flowers, old shoots, 
stemss and dead) as well as the height of the highest hit for each plant part was 
recorded.. Per plot 320 measurement points were used. These points were arranged 
att 5 cm intervals along four 4 m long transect lines each of 80 points within each 
plot.. The pinpoint measurements were recalculated to absolute biomass (g m2) using 
thee calibration curve presented by Riis-Nielsen (1997) and to absolute biomass C and 
PP (g C m 2 and g P m2). This was done by determining the proportion flowers, leaves 
andd stems of the absolute biomass using the pinpoint data and multiplying each of 
thesee categories with the total C and P concentrations. Total C and P concentrations 
off  flowers, leaves and stems was determined in 1998, 2001, 2002 and 2003 shortly 
afterr pinpointing by sampling plant parts in all plots. Total C and P was determined 
usingg the same method as litter production chemistry. 

Decomposition Decomposition 
Litterr decomposition rate was determined by means of a litterbag incubation 
experiment.. Litterbags were filled with fresh C. vulgaris litter, collected by shaking 
thee shrubs outside the plots. These litterbags were brought to the field at 7 Feb. 2002 
andd placed in the different plots underneath the C. vulgaris plants. Each sampling 
datee (after 0, 62, 160, 382, 628 and 902 days), 27 replicate litterbags per treatment 
(control,, heated, drought) were collected and their dry contents was weighed (for 
detailedd description of the experiment see chapter 3). 

TheThe LItterFall AndDecomposition model (LIFAD) 
Thee LIFAD model developed here uses daily fresh litter production data to calculate 
thee fresh organic matter storage per day (fresh OM) over a period of 1 year (short 
term)) and 5 years (1825 days: long term). A continuum of daily senesced litter 
cohortss decays to organic matter as decomposition proceeds, which means that the 
litterr shed on the final day of the model run is not decomposed. Decomposition of 
thee litter is described by a single exponential decay model (Hunt, 1977) (equation 
5.1). . 

OMOMtt=LF„e'=LF„e' kk'' (5.1) 

Inn which OMt = mass fresh organic matter left at time f(gm 2); LFo = initial mass of 
litterfalll  (g m 2); t = age of litter (day) and h = fractional weight loss (day ')  It is 
importantt to consider that the fractional weight loss is a function of environmental 
conditionss like temperature and humidity. Since these factors vary over time, no 
simplee parametric description of h is available, hence there exist no analytic solution 
too calculate the total fresh OM accumulation over time. In our model, 
decompositionn is considered at daily time steps, separately for each treatment (treat, 
'control',, 'heating' and 'drought') and for each age class of the litter cohort (age, in 
days).. It is important to note that day counts the time that passed by in the 
experimentt and age counts the time the litter is present on the soil. It is convenient 
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too work with the concept of remaining fraction. Remaining fraction is defined as the 

ratioo of organic matter mass (for a certain treatment, time and age) divided by the 

masss of the litterfall at a time (day-age) (eq. 5.2). 

LL"m-al.thv-"m-al.thv- w 

Byy differentiating RFneat.diy.3ge over time (day), and choosing dt=l, we obtain a 

recursivee expression for RFtreat.djy.jge as shown in equation 5.3 

dRF dRF 

<r><r> (5.3) 

Thee total mass of organic matter at a certain time instant (TOM,™, )̂ is obtained by 

integrationn over all age classes (eq. 5.4). 

TOMTOMlnln..aldLKaldLK = X(RF*™^ LF™^-«* ) <5-4) 
tij>e=\ tij>e=\ 

Thee ktrear.day values were derived from the decomposition experiment as described 

above.. For each litterbag sampling date a k value could be fitted to match the 

remainingg fraction in the model to the remaining fraction of the litter in the 

litterbagss (Table 5.2). For the long term i.e. 5 years (1825 days), the remaining 

fractionn was adjusted to 0.50 for both the control and heated treatment (Vuuren et 

al.,, 1992) and 0.56 for the drought treatment. The remaining fraction of 0.56 in the 

droughtt treatment was obtained by keeping the k value equal to the period from 628 

too 902 days. This means that the model uses six decomposition compartments (0-62; 

62-160;; 160-382; 382-628; 628-902 and 902-1825 days) each with its own k value. 

Inn order to estimate the cumulative mass of P mineralized P/n™ (from the start of 

thee experiment up to some time Tend, in mg P m 2) in the fresh decaying organic 

matterr we subtracted the amount of P in the initial fresh litter by the amount of P in 

thee fresh organic matter (eq 5.5). 
TendTend ( day-] A 

P»hP»hmm„„  = Z (LF^^PLF,^^.)- ̂ OM^^POM^,^.) (5.5) 
</m-=ll  V age=l J 

Wheree PFLwarjay is the average P concentration of the fresh litter (in g P(g litter)"1), 

andd POMtre3t.d3y.age is the average P concentration of the fresh OM (in g P(g litter)"'). 

Thee total P concentration of the initial fresh litter in the litterbags was 0.61 g P(kg 

l i t ter) '.. POMtrv.udas.3ge was derived from the same litterbag experiment as from which 

wee obtained the fractional weight loss data by linear interpolating the total P 

concentrationn between the sampling dates (Fig. 5.1). 
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Tablee 5.2 Remaining fraction and standard deviation () obtained in the field litterbag 
incubationn experiment after 0, 62, 160, 382, 628 and 902 days of incubation. 

Day y 0 0 62 2 160 0 382 2 628 8 902 2 

Controll  1.000(0.015) 0.952(0.016) 0.864(0.052) 0.697(0.035) 0.619(0.048) 0.573(0.080) 
Heatedd 1.000(0.015) 0.936(0.019) 0.843(0.039) 0.688(0.048) 0.620(0.042) 0.625(0.037) 
Droughtt 1.000(0.015) 0.944(0.016) 0.892(0.022) 0.745(0.038) 0.700(0.075) 0.646(0.046) 

Figuree 5.1 - Total P in g kg ' in litterbag experiment for the control, heated and drought 
treatment.. The litterbag experiment lasted til l day 902, and the observations at day 1825 are 
obtainedd from measuring total P in the LF soil horizon. Error bars indicate standard 
deviationn (n = 9 for each observation date and treatment, except at day 1825 where n=2 per 
treatment).. — control; —o— heated; — o— drought 

timee (day) 

Statistics Statistics 

Thee effect of treatment on litterfall was tested with a two-way ANOVA, with 

treatmentt (control, heated and drought) and day of the year as factors. Differences 

inn litter chemical composition between the treatments were tested with a two 

samplee difference of means test (Burt and Barber, 1996, p 308). Data obtained from 

thee pinpoint method was analyzed with a one-sided permutation test with the 

completee enumeration method (Manly, 1997). 

AA Monte Carlo simulation was used to asses the uncertainty in the fresh OM storage 

ass well as the amount of mineralized P. This was done by replacing the deterministic 

variabless LF„v.„j.n  and POMim,.j.njgc with random variables. The random variable 

LFtreacda)LFtreacda) was represented by a normally distributed random variable, with the mean 

centeredd around the average amount of litterfall per treatment and observation 

periodd (/.F„.,,„.,„.,.„„/) , and the standard deviation equal to the observed standard 

deviationn in the litterfall data (per treatment and observation period, SLFlrtm „ , ) . 

Thee correctness of this representation was verified by testing the observed litterfall 
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dataa for normality with a Lilliefor s test (Conover, 1980), which confirmed that the 

litterfalll  data were not significantly different from a normal distribution. Equation 

5.66 shows the calculation of the random variable LFm-^.d^, with c a normally 

distributedd random variable with zero mean, and unit variance. 

^ , , , / „ ,, = ~LF,nil,lim + c SLF,milAn (5.6) 

Thee random variable POMueu.day.age was represented by a normally distributed 

randomm variable, with the mean centered around the mean P concentration at the 

samplingg dates and estimated 5 year P concentration (POM,,^,,.^.̂  ). The standard 

deviationn was equal to the observed standard deviation in the P concentration. 

(SPOM!rii ll  Jtiv ). Also POMrreM.ihy.igf was tested for normality with Lilliefor s test, and 

alsoo in this case normality was not rejected. Equation 5.7 shows the random variable 

POMirejLdü,.^,POMirejLdü,.^, with c a normally distributed random variable with zero mean, and 

unitt variance. 

POMPOMlnWtltislnWtltiŝ  ̂ = ~PÖMlm„, ltn  ̂ + £ SPOM^,, ̂ (5.7) 

Thee model was run 100 times, to obtain a representative outcome on the fresh OM 

storagee for each day and the cumulative amount of P for each day. The amount of 

freshh OM increased linearly from day 120 onwards. To asses the significance of the 

differencess in fresh OM we fitted a linear equation through these 100 simulation 

runss and calculated the confidence and prediction intervals of the linear fits for the 

intervall  from 120 to 365 days and 365 to 1825 days (Burt and Barber, 1996, p 483-

485).. The cumulative amount of P increased linearly from day 250 to day 365. The 

variancee of the data turned out to increase over time as well. Because the assumption 

off  homoscedasticity of variance was not met in our model, we did not use it for any 

furtherr quantification. Instead, we tested significance in differences between the 

cumulativee amount of mineralized P at day 365 and 1825 between the treatments 

withh an independent samples t-test accounting for equality of variances with 

Levene'ss equality of variance test (Levene, 1960). 

Tablee 5.3 Average cumulative amount of litterfall in g m 2 from 7 Feb. 2003 to 21 April 2004 
inn the control, heated and drought plots (n= 18). Different letters indicate significant 
differencess at P< 0.05. 

averagee litterfall 
meanmean (stdev) 

Controll  236.0 (105.8)a 

Heatedd 207.9 (107.2}jb 

Droughtt 165.7 (87.5)h 
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Results s 

FieldField experiment 

Litterfall Litterfall 

Overalll  treatment as well as day of year had a significant effect on litterfall in the 

experimentall  plots. Drought treatment reduced litterfall from 3 Feb. 2003 to 21 

Apri ll  2004 with 30% from 236 in the control to 166 g m 2 y ', while litterfall in the 

heatedd plots was not affected (Table 5.3). More detailed inspection revealed that 

litterfalll  in the heated plots was significantly lower as in the control plots from 17 

Marchh 2003 to 29 April 2003 (period 2), 29 April 2003 to 3 June 2003 (period 3) and 

33 Dec. 2003 to 13 Jan. 2004 (period 8), while litterfall in the drought plots was 

reducedd with respect to control from 3 Feb. 2003 to 3 June 2003 (period 1,2 and 3), 

255 July 2003 to 1 Sept. 2003 (period 5) and 13 Oct. 2003 to 3 Dec. 2003 (period 7) 

(Fig.. 5.2). Both the heated and drought treatment had no significant effect on the 

totall  C and P content of the bulked senesced litter. Total C content of the litter 

amountedd to 500 g kg ' and total P concentration amounted to 0.71 g kg '. 

Figuree 5.2 Average (—) and standard deviation (---) of litterfall in g m- day ' in the control, 
heatedd and drought plots for the period from February 2003 to April 2004. The shaded areas 
showw periods with significant litterfall reduction (P< 0.05) in comparison to control. 
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PlantPlant biomass 

Att the start of the field experiment the plant biomass was significantly higher in the 

droughtt plots (Fig. 5.3). In summer 1999 the plants were damaged as a result of a 

severee heather beetle {Lochmaea suturalis) attack, which is reflected by the decreased 

plantt biomass in 1999 in the control and drought treatment (Fig. 5.3). The following 

yearr the C. vulgaris plants were recovering from the attack and their biomass 

increased,, resulting in a higher plant biomass in the heated plots and an equal plant 

biomasss in the control and drought plots in 2000 and 2001. In 2002 a trend towards 

aa higher plant biomass in the control with respect to the drought was found (P = 

0.178).. So the sequential droughts started to have a negative effect on plant 

productionn in the years between 1999 and 2002 after the heather beetle attack. In 

20033 plant biomass declined, probably as a result of the extreme dry spring and 

summerr of that year. From 2000 to 2003 plant biomass in the heating treatment is on 

averagee 27% or 230 g m 2 higher with respect to the control. This increased plant 

biomasss is however not reflected in plant litterfall, monitored from February 2003 to 

Apri ll  2004 (Fig. 5.2). 

Averagee plant C and P storage in biomass showed the same trend as plant biomass: 

inn the control and heated treatment an increase up until the year 2002 and a 

decreasee in 2003. While plant C and P biomass in the drought treatments showed in 

generall  a decline (Table 5.4). 

Decomposition Decomposition 

Litterr decomposition rate was significantly higher in the heated plots during the first 

22 months of decomposition, while decomposition rate as a result of the yearly 

reoccurringg drought treatments was continuously lower in the drought plots than in 

thee control plots (Table 5.2) (chapter 3). 

Tablee 5.4 Average plant C and P content in g m 2 in 1998, 2001, 2002 and 2003. Standard 
deviationn between brackets (n=3). 

1998 1998 

386(93) ) 

3955 (100) 

476(13) ) 

0.39(0.10) ) 

0.46(0.12) ) 

0.50(0.01) ) 

2001 1 

4555 (140) 

5722 (128) 

4366 (34) 

0.60(0.17) ) 

0.65(0.13) ) 

0.433 (0.04) 

2002 2 

524(167) ) 

664(142) ) 

4499 (32) 

0.677 (0.19) 

0.733 (0.14) 

0.477 (0.03) 

2003 3 

358(110) ) 

454(71) ) 

340(116) ) 

0.44(0.12) ) 

0.455 (0.07) 

0.311 (0.12) 
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Figuree 5.3 C. vulgaris plant biomass in the (a) control and heated and (b) control and 
droughtt treatments. Error bars indicate standard deviation (n=3). Significant differences 
betweenn the treatments in one year are indicate by # P< 0.1 and *  P< 0.05. 
—•—— control; — — heated; •••• drought 

1800 0 
1600 0 
1400 0 
1200 0 
1000 0 
800 0 
600 0 
400 0 
200 0 

0 0 
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::H^ r r 
— II 1 1 — 

# # 

H — — 

# # 

— 1 — — 

(a) ) 

— I — — 

troll and drought (b) 

19988 1999 2000 2001 2002 2003 
year r 

19988 1999 2000 2001 2002 200.3 
year r 

ModelModel experiment 

FreshFresh organic matter storage 

Fromm the model calculation it became clear that the average amount of fresh OM 

afterr 1 year of litterfall and decomposition amounted to 135 g m 2 in the control 

plots.. In the heated and drought plots fresh OM storage was reduced by respectively 

16%% and 24% to 114 g m 2 and 102 g m 2 (Fig. 5.4). This reduction was significant as 

cann be seen from the linear regression and 0.95 confidence interval, fitted through 

thee 100 simulations for each treatment (Fig. 5.5). 

Thee average amount of fresh OM after 5 years of decomposition in the control plots, 

wheree the litterfall pattern remained equal to the litterfall pattern from 3 Feb. 2003 

too 21 April 2004 (day 455), amounted to 659 g m 2 (Fig. 5.4a). In the heated plots, 

wheree litterfall was increased with 27% from day 445 onwards in consonance with 

thee increased plant biomass, fresh OM was 670 g m 2 (Fig. 5.4b). In the drought 

plots,, where litterfall remained equal to litterfall during the first 445 days it 

amountedd to 529 g m 2 (Fig. 5.4c). From the linear regression through the 100 

simulationn runs it is clear that during the first 1475 days the fresh OM storage in the 

heatedd plots is lower than in the control plots, but after that period it is higher than 

inn the control plots (Fig 5.6a). The differences between fresh OM in the control and 

droughtt plots further increased (Fig. 5.6b). 
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Figuree 5.4 Soil organic matter storage in g m J for the 100 simulation runs for the (a) control, 

(b)) heated and (c) drought treatments. 
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Figuree 5.5 Short term: linear regression (—), model-confidence (--) and prediction-

confidencee intervals (....) (both 95%) on the 100 simulation runs for fresh organic matter (a) 

controll  (black) and heated (gray) (b) control (black) and drought (gray) plot. 
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Figuree 5.6 Long term: linear regression (—), model-confidence (—) and prediction-

confidencee intervals(....) (both 95%) on the 100 simulation runs for fresh organic matter (a) 

controll  (black) and heated (gray) (b) control (black) and drought (gray) plot. 

freshh OMcontroi = 13.44 + 0.35*time; fresh OMi,,,,„,j = -29.64 + 0.38*time; 

freshh OMdroughi = 5.28 + 0.29*time 
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Figuree 5.7 Cumulative net amount of P mineralized in mg P m J for the 100 simulation runs 

forr the (a) control, (b) heated and (c) drought treatments. 
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PP mineralization in fresh OM 

Thee model calculation showed that the cumulative net amount of P mineralized 

afterr 1 year demonstrated the same pattern as the amount of fresh OM storage: P 

mineralizationn was significantly lower in the heated and drought plots compared to 

thee control plots. In the control plots 17.4 mg P m 2 was mineralized after 1 year, 

whereass only 10.0 and 8.6 mg P m2 was mineralized in respectively the heated and 

droughtt plots (Fig. 5.7). After 5 years the cumulative net amount of P mineralized 

increased,, showing the same pattern as during the first year. In the control plots 91.0 

mgg P m 2 was mineralized, while in the heated and drought plots significantly less P 

wass mineralized, respectively 62.1 and 45.6 mg P m2 (Fig 5.7). 

CombiningCombining field and model experiments 

CC and P cycling 

Basedd on the plant C and P biomass, litterfall, fresh OM storage and P mineralization 

aa schematic representation of C and P cycling is given in figure 5.8. The C and P 

poolss and fluxes are given for 1 and 5 years (1 yr / 5 yr). Unfortunately plant biomass 

wass not measured in 2004, so plant C and P biomass data from the year 2001 and 

20022 had to be used (Table 5.4). Net primary production (NPP) was calculated as the 

increasee in plant C and P from the year 2001 to 2002 (Table 5.4) plus the C and P 

losss through litter production from 3 Feb. 2003 to 3 Feb. 2004 (Fig 5.8). For example 

plantt C in the control plots increased with 69 g C m 2 from 2001 to 2002 (Table 5.4) 

andd C in litter production was 109 g C m2 yr \ which ads up to a NPP of 178 g C m2 

yrr 1 (Fig. 5.8). C in fresh OM (assuming 50% C in OM) and P mineralized in this 

layerr was calculated from 3 Feb. 2003 to 3 Feb. 2004 as well. C loss from fresh OM 

(mainlyy through CO2 respiration and dissolved organic carbon (DOC) leaching) is 

definedd as litter C production minus the change in C in fresh OM. In addition its 

sizee in relation to litter C production is also given (in %). The size of the total C and 

PP content of the old organic layer underneath the fresh OM layer was recalculated 

fromm its bulk density, depth and % organic matter (Table 5.1), assuming 50% C and 

0.400 g P kg ' (Table 5.1; Fig. 5.3). In this figure we assume no interaction with this 

pool,, but its size is given for completeness. Plant P uptake equaled plant P litter 

productionn plus the increase in plant P biomass from the year 2001 to 2002 (Fig. 5.8; 

Tablee 5.4). The integrated effect of climate change on C and P cycling after 5 years 

couldd not be quantified completely due to lack of knowledge on the future plant C 

andd P content. However, the litterfall scenario used in the model forecast, together 

withh the calculation on fresh OM storage and P mineralization could fill  in the 

picturee for the larger part. 

Thee heating treatment decreased C storage in fresh OM after 1 year as a result of 

decreasedd litter production. 
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Figuree 5.8 (a) Total C pool in plants, fresh organic matter (fresh OM) and old organic matter 

(oldd OM) in g m 2 and the annual and five-annual (1 yr / 5 yr) C fluxes: net primary 

productionn (NPP), litter production and loss. 

(b)) Total P pool in plants, mineralized P in fresh OM (P mineralized) and total P in old 

organicc matter (old OM) in g m 2 and the annual and five-annual (1 yr / 5 yr) P fluxes: litter 

productionn and P uptake. 
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Afterr 5 years an opposite response was found: increased C storage in fresh OM. The 

changee in ecosystem C storage, which we defined in this study as NPP minus C loss 

fromm fresh OM, had increased after 1 year (we considered only fresh OM). In the 

droughtt plots relative C loss decreased as well as C storage in fresh OM and 

ecosystemm C storage. 

Litterr P production, P mineralized and plant P uptake decreased as a result of the 

treatmentss after 1 year and after 5 years, which indicated decreased P cycling rates. 

Afterr 1825 days 825 g litter m 2 litter was shed in the control plots, which amounted 

too 0.59 g P m 2 in litter production. If we assume that plant P content remains equal 

inn the following 5 years, minimum plant P uptake equals litter P production. Net P 

mineralizedd wil l amount then to 15% of minimum P uptake (0.09*100/0.59) in the 

controll  plot, 10% (0.06*100/0.59) in the heated plots and 11% (0.05*100/0.45) in the 

droughtt plots (Fig. 5.8). 

Discussion n 

ModelModel assumptions 

Wee developed a model that calculated fresh OM storage after decomposition of a 

continuumm of daily senesced fresh litter cohorts. The input data for the model is 

weightt loss data for decomposing litter and data on the amount of litterfall at the 

site.. The model was kept simple to enable the statistical evaluation of the predictions 

viaa Monte Carlo simulations and also to correspond with the level of detail of our 

experimentall  data. These requirements formed the reasons for not using the existing 

andd widely used and modified ecosystem models such as CENTURY (Parton et al., 

1987;; Carter et al., 1993; Kelly et a l, 1997; Pepper et al., 2005) or G'DAY (Comins 

andd McMurtrie, 1993; Pepper et al., 2005). The uncertainty analysis we performed 

usingg the Monte Carlo simulations did account for the spatial variability in litterfall 

andd thus fresh OM build up. The only assumption underlying our Monte Carlo 

schemee was independence of the variance in litterfall and P content of the organic 

matterr (see eq. 5.6 and 5.7). The Monte Carlo calculations provided us with 

informationn about process variability, which is crucial to interpret model results and 

evaluatee detectability of processes by experimental measurements. It is important to 

notee that the parsimonious LIFAD model used in this study can be easily used in 

Montee Carlo analyses, whereas for complex and parameter rich models such as 

Centuryy and G'day this is considerably more difficult . It is probably for this reason 

thatt statistical evaluations are often omitted when using more complex 

environmentall  models (Bolker, 1998). 

Inn the field the amount of organic matter in the old organic layer was on average 

28600 g m 2 (Table 5.1). The model calculated the fate of newly shed fresh OM from 

thiss point forward under influence of climate change. The effect of the climate 
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changee on the old organic matter in the organic layer that was already present on 

soill  was therefore not accounted for. Decomposition of old organic matter (>3 years) 

hass been reported to be resistant to changes in temperature (Knorr et al., 2005; Liski 

ett al., 1999). In addition, from the litterbag incubation experiment it also became 

clearr that litter decomposition rate was not affected by increased temperature after 6 

monthss of decomposition (chapter 3). The drought treatment probably decreased 

decompositionn rate of the old organic matter and wil l slightly counteract the 

decreasedd ecosystem C storage. 

Wee assumed that the litter accumulated in the litterfall collectors was not 

significantlyy decomposed before sampling. Most of the time, the litter in the 

collectorss had a low moisture content as the litter dried out quickly because of its 

airyy structure and in general less than 50% coverage of the collector's surface. 

Therefore,, it is reasonable to assume that the litter was not substantially 

decomposed,, although some weight must have been lost. Further, we assumed that 

eachh litter cohort, senesced on a certain day, followed the same decay curve as the 

litterr in the litterbags incubated in the field at 7 Feb. 2002. While it is probable that 

thee initial decomposition rate of the litter senesced in spring and summer (at higher 

temperatures)) was higher then the initial decomposition rate of the litterbags (start 

incubationn in winter; lower temperatures), given the higher decomposition rate of 

thee litter in the litterbags incubated in the heated plots during the first 2 months of 

decompositionn (chapter 3). We studied the effect of 'incubation timing' by 

incubatingg fresh C. vulgaris litter in June 1999 and December 1999 and found that 

afterr 40 days, 94.5% ) of the litter that was incubated in June remained and 

96.1%% ) of the litter that was incubated in December. After 84 days, the 

remainingg mass for the litter incubated in June amounted to 90.1% ) and for 

thee litter incubated in December 90.3 , indicating that the difference in mass 

losss between the two incubation times was negligible after 3 months. Berg et al. 

(1998)) also studied the effect of 'incubation timing' by the 'opposite incubation' 

techniquee of Herlitzius (1983) on Scots pine needle litter decomposition rate and 

foundd a striking resemblance in mass loss between the opposite incubation time 

sequences,, where equal decay stages in each sequence experienced different 

environmentall  conditions. These results are in accordance with findings by Swift et 

al.. (1979) and Taylor et al. (1989) that stress the importance of the chemical 

compositionn of litter in explaining litter decay rates. In addition, litter 

decompositionn rate in this litterbag study was only positively affected by 

temperaturee during the first 2 months (P < 0.05) to 6 months (P < 0.1) of 

decomposition.. After this initial decomposition period the remaining fraction of the 

litterr in the heating treatment equaled the remaining fraction of the litter in the 

controll  treatment despite the continuous heating treatment (chapter 3). This implies 

thatt the decomposition rate of the litter senesced at higher temperatures is only 

initiall yy enhanced. In winter, at the end of the model simulation run, this 
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temperaturee effect on decomposition and remaining fraction wil l therefore probably 

bee not present anymore. Finally, litter decomposition in the summer months is 

restrictedd due to moisture limitation in the drought plots, which decreases the effect 

off  temperature increase on litter decomposition rate (e.g. Kirschbaum, 1995 and 

Goncalvess and Carlyle, 1994). 

Inn order to estimate the amount of P mineralized we assumed that P mineralization 

wass only dependent on the age of the senesced litter. For the control and heated 

plotss this seems a plausible assumption as total litter P content is reported to explain 

upp to 72% of variation in P mineralization in time after senescence for a variety of 

plantt litter materials (Kwabiah et al., 2003). Drought has been reported to decrease P 

mineralizationn (Sardans et al., 2004). The timing of the drought treatment caused the 

absencee of a clear net P mineralization phase in the litterbag experiment (Fig. 5.3) 

(chapterr 3). For litter shed on a different day of year and consequent timing of the 

droughtt treatment, net P mineralization might occur to a greater extent. The 

absencee of a net P mineralization phase for all litter shed in the drought plots in the 

modell  led to an underestimation of the mineralized P. However, the lower quantity 

off  litterfall and the absence of a clear net P mineralization phase for the litter shed 

inn winter (start litterbag experiment) wil l still result in less net P mineralization in 

thee drought plots as in the control. 

Forr the long term calculation of P mineralization we assumed no change in initial 

litterr P concentration. Whereas, as a result of the treatments foliar P concentration 

inn the drought plots had decreased since summer 2000 (chapter 4) and in the heated 

plotss since summer 2002 (unpublished results). The decreased plant foliar P 

concentrationn was not accompanied by decreased litter P concentration of the 

bulkedd senesced litter (this study). The very weak relation between leaf nutrient 

statuss and nutrient resorption before leaf senescence for evergreen and deciduous 

shrubss and trees (Aerts, 1996), indicates that changed foliar P concentration does not 

needd to result in changed litter P concentration. 

CC and P cycling 

AA reduction of 33% in annual litterfall in the heated plots in the year 2000 was 

foundd by Penuelas et al. (2004). This large reduction was not observed in this study, 

althoughh litterfall was significantly reduced in three periods. As evergreen shrubs 

generallyy have a leaf lifespan in the range of 1-4 years (Karlsson, 1992) and plant 

biomasss in the heated plots was higher with respect to control since 2001, we 

expectedd an increased flux of leaf litter. However, leaf litterfall had apparently not 

yett adapted to the increased biomass. 

Thee annual increase in plant biomass of 27% in response to warming slightly 

exceededd mean increase in biomass of 15-22% reported in a meta-analysis conducted 

byy Rustad et al. (2001). Warming-induced increase in plant productivity might be 

duee to increased rates of photosynthesis (Korner and Larcher, 1988). However in 
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thiss ecosystem this does not seem the case because the temperature enhancement 

duringg the day as a result of nighttime warming was too weak (Llorens et al., 2004). 

Meann annual growing season-days (GSD) at the site increased from 266 days to 277 

dayss (Beier et al., 2004), indicating that a direct effect of a longer growing season 

seemss more likely (Penuelas et al., 2004;). Because the ecosystem is N saturated 

(Schmidtt et al., 2004) P availability is most likely the major restraint to plant 

productivityy in this ecosystem. An increase in P availability could therefore increase 

plantt productivity. Most of the P that is mineralized from the senesced litter is 

immobilizedd in microbial biomass (chapter 1, 3 and 4), taken up by plants or bound 

too the mineral phase as is indicated by the very low (< 0.005 mg PO4 1') ortho P 

concentrationss in seepage water (Schmidt et al., 2004). The model calculated a 

decreasedd P mineralization in the heating treatment, which would therefore 

probablyy further decrease the P availability in soil. Increased plant P storage was 

accompaniedd by decreased foliar P concentration at the site, due to a relative larger 

increasee in plant biomass as in P uptake (Penuelas et al., 2004). This indicated that 

thee increase in plant biomass C was not accompanied by the same increase in plant P 

uptake.. The limited P availability at the site wil l probably lead to a maximum in 

plantt productivity in response to warming in the future. 

Inn the drought plots we found a similar reduction in average annual litterfall as 

Penuelass et al. (2004) in the year 2000, i.e. 37%. The reduction in litter production 

foundd in the years 2003-2004 was however not the consequence of a reduction in 

plantt biomass in the drought plots with respect to control in 2003. Llorens et al. 

(2004)) measured a decreased leaf net photosynthetic rate and hypothesized that this 

wouldd result in decreased annual plant productivity. This hypothesis was not 

confirmedd by our data, although a trend towards decreased plant production was 

observed,, considering the higher plant biomass in the drought plots before the start 

off  the treatments. Comparable plant biomass and reduced foliar P concentration 

suggestss less P uptake (Penuelas et al. (2004); chapter 4). The reduced P 

mineralization,, as calculated by our model, could have contributed to this. Other 

mechanismss that can cause increased plant P limitation are: reduced P uptake due to 

moisturee stress and/or decreased P diffusion and mobility (Chapin, 1980). In general, 

thee treatments reduced P cycling rates. After 5 years only respectively 15%, 10% 

andd 11% of minimum plant P uptake (during 5 years, assuming steady state in plant 

PP storage) is mineralized in the fresh OM. The remainder of plant P uptake could be 

mett by P mineralization from old organic matter, as this pool contains two or three 

timess as much P as the fresh litter and/or from microbial biomass lysing during 

dryingg and subsequent rewetting (Turner and Haygarth, 2001; Turner et al., 2003) 

and/orr P resorption from the mineral soil phase. The heating treatment decreased 

thee quantity of litterfall (during three periods). Together with the increased 

decompositionn rate during the first half-year of decomposition this resulted in a 

decreasedd C storage in fresh OM in relation to the control after 1 year. However, 
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thiss reduction in fresh C storage was small compared to increase in NPP, indicating 
ann increased C storage in both compartments after 1 year. In the control plots C loss 
afterr 1 year was 41 g C m 2, this amounts to 0.005 g C m 2 hr1. Average annual soil 
respirationn rate, measured in permanent collars installed in the plots, amounted to 
0.0255 g C m 2 hr' (Emmett et al., 2004). C loss of fresh OM amounted then to 19% 
(0.005*100/0.025).. The remainder of soil respiration in the permanent collars is 
probablyy contributed by plant roots, their mycorrhizal fungi and microorganisms in 
thee old organic layer. 
Thee model prediction, accounting for an increase in litterfall in the heated plots 
withh 27%, showed that in the longer term increased leaf litterfall counteracted 
increasedd decomposition rate and fresh C storage increased (Fig. 5.6 and 5.8). If plant 
biomasss in the heating treatment remains constant or increases on the long term, 
warmingg will increase C storage like in the short term, mainly because of increased 
plantt productivity and the positive feedback of increased productivity on litterfall. 
Increasedd ecosystem C storage in response to warming at this latitude is in 
agreementt with model predictions made by others (e.g. Cao and Woodward, 1998; 
Cramerr et al., 2001). Fresh C storage in the drought plots decreased both in the short 
andd long term in spite of the decreased C loss. This indicated that the decreased 
amountt of litterfall was more influential than a lower decomposition rate in 
determiningg the amount of fresh C storage. The reduction in fresh C storage and the 
reductionn in plant C biomass resulted in a decrease in C storage in response to 
drought. . 
Forr actually observing a difference in fresh OM storage over a period of 5 years in 
thee field, a difference of 11 g m 2 between the control and heated plots or 130 g m2 

betweenn the control and drought plots should be detectable. In our research data set, 
initiallyy 125 samples were taken in each treatment in 1999 for which bulk density (g 
mm 2) of the organic layer was determined. The estimated standard deviation of the 
bulkk density of the organic layer was 1911 g m 2 of which 65% is organic matter. To 
detectt a 11 g m2 difference between the control and the heating treatment at a P = 
0.055 significance level, one would need more than 34,505 samples (Burt and Barber, 
1996,, p 275). For the 130 g m 2 difference between control and drought this would 
bee 247 samples. It is clear that observing a treatment effect (especially a heated 
treatment)) on organic matter content would require a great effort. This indicates the 
necessityy to do model calculations on this type of problem, because it is virtually 
impossiblee to measure such differences in the field at a time scale up to 5 years when 
spatiall  variability is high. If in the future the organic layer is sampled again with 125 
sampless per treatment, it would be possible to determine a difference starting from 
1833 g m 2 with respect to control. In the drought plots this difference will probably 
bee reached first because at the beginning of 2007 when the model calculation ended 
thee difference wil l be at least 130 g m2 (OM build up from 1999-2002 was not 
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accountedd for in the model). In another 5 years the difference of 183 g m 2 should be 

measurable. . 

Conclusions s 

Onn the short term, the heating treatment decreased C storage in decomposing fresh 

litter,, however plant C biomass increased, which resulted in increased C storage in 

bothh these compartments. On the long term increased litterfall as a consequence of 

increasedd plant biomass increased C storage in decomposing fresh litter. Fresh C 

storagee in the drought treatment decreased on the short and long term. Together 

withh decreased plant C biomass this resulted in decreased C storage in both these 

compartments.. In both treatments less P was mineralized and P cycling rates 

decreasedd which could limi t plant growth in the heating treatment and further limi t 

plantt growth in the drought treatment. 
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