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Generall introduction

HeathlandHeathland history
Heathlandss are characteristic ecosystems in Europe. They fulfill an important role in
thee preservation of species diversity, provision of drinking water, conservation of a
culturall landscape and recreation (Haaland, 2004). Most of them are man-made and
existt because of clear cutting of the original forest stand, hundreds of years ago, to
obtainn fuel, graze livestock and improve arable land. This was achieved by sodcuttingg and mowing of the vegetation and herding of sheep and other cattle on the
heathlands.. Their waste products were collected in stables at night and applied to
thee arable land together with the sods and vegetative remains (Webb, 1998).
Throughh this ongoing practice the heathland soil became more and more
impoverishedd and a typical vegetation developed, dominated by plants like Calluna
vulgarisvulgaris (L.) Hull., Vaccimum myrtillus (L.), Empetrum nigrum (L.), Erica tetralix
(L.),, Molinia caerulea (L.) Moench. and Dechampsia flexuosa (L.) Trin.. In the last
decadess traditional management has nearly disappeared and heathlands are invaded
byy trees, bracken or other vegetation with less ecological value. Nowadays, the
remainingg patches of this unique semi-natural nutrient poor ecosystem are
preservedd by nature management such as grazing, mowing and burning for their
valuee as cultural landscapes, their historical associations and their characteristic
biodiversity. .
NutrientNutrient cycling in heathlands
Thesee semi-natural heathland ecosystems are characterized by low levels of plant
availablee nutrients and low turnover time of nutrients in plant and soil (Aerts and
Chapin,, 2000). Plant nutrient demand is mostly met by nutrient resorption from
senescingg leaves and mineralization of decomposing organic matter (Aerts, 1995).
Thee adaptation of the vegetation to the low nutrient availability makes these
ecosystemss vulnerable to changes in nutrient availability (Jonasson et al., 1999b).
Thee recycling of nutrients through organic matter decomposition in the ectorganic
soill horizons (LFH) is an important process in these ecosystems as the mineral soil is
oftenn highly impoverished. Decomposition of organic matter is primary driven by
microbiall activity and involves the succession and interaction of many different
speciess of microorganisms. Microorganisms produce intra and extra cellular enzymes
thatt catalyze specific biological reactions in degrading organic substances. As a result
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thee presence and activity of different enzymes changes during litter decomposition
andd is often inversely related to the availability of the degrading substance (Linkins
ett al., 1990). Enzymes that are of primary interest in litter decomposition are those
involvedd in the degradation of the main litter components cellulose, hemicellulose
andd lignin and those that are involved in the cycling of essential nutrients as
nitrogenn (N) and phosphorus (P).
Microorganisms Microorganisms
Inn nutrient poor ecosystems soil microbial biomass is considered as an important
nutrientt pool (Jonasson et a l , 1999b; Schmidt et al., 2002). In a sub arctic heath in
Northh Scandinavia two third of the total ecosystem P pool was immobilized in
microbiall biomass (Jonasson et al., 1999b). Microbial biomass can act as source
and/orr sink for available plant nutrients. In nutrient-poor artic heathlands microbial
biomasss has been found to be a strong sink for nutrients added through fertilization
(Jonassonn et al., 1996). For instance, addition of 5 g m 2 of N and 5 g nr 2 of P,
equalingg approximately 3-5 times the annual incorporation of N into vegetation and
20-400 times the annual uptake of P, gave small responses in plant growth, and low
nutrientt recovery in vegetation, but high recovery in soil (Marion et al., 1982;
Jonassonn and Chapin, 1991). However, after addition of considerably larger amounts
off up to 25 g m 2 N and 25 g m 2 P, a substantial fertilizer effect on the vegetation
wass found (Shaver and Chapin, 1980; Shaver et a l , 1986). The limited effect of plant
growthh to fertilization has been ascribed to microbial immobilization of nutrients.
Microbiall nutrient transformations can therefore play an important role in the
regulationn of nutrient availability for plant growth in the nutrient-deficient
ecosystemss (Harte and Kinzig, 1993; Jonasson et al., 1996b).
EnEn vironmen tal pressure
Nutrientt poor semi-natural heathland ecosystems are known to be sensitive to
environmentall pressure. Shifts from shrub to grass dominated systems have been
reportedd and have been associated with increased N availability through
atmosphericc N deposition and overgrazing (Heil and Bobbink, 1993). In addition,
sizee reduction or fragmentation can lead to the loss of the ecosystem. The impact of
climatee change could further threat heathland ecosystem functioning. Mean
temperaturess are predicted to increase with 1.4- 5.8°C over the next century and also
changess in precipitation patterns are forecasted. Although changes in precipitation
aree more difficult to forecast and there is a large variation among regions, many
modelss predict increased summer drought for central European regions (Houghton
ett al., 2001). Changes in temperature and moisture conditions affect practically all
ecosystemm processes such as plant growth, plant net photosynthetic and
transpirationn rate, plant nutrient uptake (Llorens et al., 2004; Penuelas et al., 2004),
microbiall activity, litter decomposition and consequent mineralization and
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immobilizationn of nutrients (van Gestel et a l , 1991; Grierson et al., 1998; Kieft et a l ,
1987;; Pulleman and Tietema, 1999; Jonasson et al., 1999a; Rustad et al., 2001:
Emmettt et a l , 2004). As the microbial pool can contain such a large amount of the
ecosystemm nutrients, this suggest that small changes in microbial biomass can have a
largee effect on nutrient availability in soil and thereby on the nutrient availability to
plants.. In nutrient poor ecosystems, plants and microorganisms compete for the
samee nutrients.
Figuree 1 Research location: o

Figure 2 The 'Oldebroekse heide' with scaffolding
structure e

GeologyGeology and chemistry
Climatee manipulation was carried out at the Dutch heathland area the 'Oldebroekse
heide'' in the center of the Netherlands (52°24' N; 5°55' E) (Fig. 1). The parent
materiall in the area are fluvioglacial deposits consisting of gravelly white quartz rich
sandss originally deposited by eastern rivers and pushed by the glaciers in the Saalien.
Thesee sands are mineralogical very poor. On top of the fluvioglacial deposits a
coversandd is present dispersed by the wind from these deposits during the
Weichselien.. On top of this coversand, locally a thin layer (ca. 30 cm thickness) of
driftt sand is present probably dating from the Middle ages. The soil is a welldrained,, acid sandy Haplic Podzol (FAO, 1988) with a mormoder humus form
(Greenn et al., 1993). A complete description and chemical characterization of the soil
profilee is given in the Appendix (Table 2, 3 and 4). Average long term annual
precipitationn amounts to 793 mm with a precipitation surplus of 250 mm. Long term
meann minimum and maximum temperatures are respectively 5.7°C and 13.7°C. The
ecosystemm is N saturated, as atmospheric N deposition in the Netherlands has
exceededd critical loads of 15-20 kg N ha ' year ' for half a century (Heil and Bobbink,
1993)) and N leaching is high at the site (Schmidt et al., 2004), indicating that N is
nott limiting vegetation growth. Besides N, potassium (K) and P are important
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nutrientss that can exert control on vegetation growth. In highly weathered sandy
soilss the K availability for plants is mainly dependent on (i) atmospheric deposition
off K and (ii) K mineralization of (fresh) litter, because K exchange from the mineral
soill is negligible due to the lack of large amounts of primary K bearing minerals and
clayy minerals such as illites and/or vermiculites. Wet atmospheric K deposition at
thee site is 2.0 kg ha ' year ', while K leaching from the mineral soil (at 30 cm depth)
iss 8.1 kg ha"1 year' (Schmidt et al., 2004). This large increase is probably due to
interceptionn deposition by the vegetation, leaching from senesced plant parts and/or
canopyy exchange of K after foliar uptake of NFU' (Bobbink et al., 1990). The
relativelyy high K leaching in relation to K input indicates that plant growth at the
sitee is not limited by too low K availability. Wet atmospheric P deposition is very
loww as well as P leaching. The dominating dwarf shrub, Calluna vulgaris, produces P
poorr litter with an N/P (g/g) ratio of >16, indicating that P is the most important
nutrientt limiting vegetation growth (Koerselman and Meuleman, 1996). Detailed
inspectionn into the factors that are important in determining P availability in the
minerall soil revealed that the soil solution chemistry was always undersaturated
withh respect to Al- and Fe-phosphates like variscite and strengite (data not
presented).. Consequently, equilibrium with these Al- and Fe-phosphates does not
governgovern the P concentrations in the soil solution in these oxidative soils with a low
pHH level. In addition, the amorphous Al and Fe content of all soil horizons is
relativelyy high and the P/(A1 + Fe) and S/(A1 + Fe) molar ratios are very low,
respectivelyy 0.01-0.05 and 0.01-0.03 (Appendix -Table 4). This means that the
bindingg capacity for P in this soil is very high (Van der Zee, 1988), resulting in very
loww P concentration levels in the soil solution and consequently a limited P
availability. .
ClimateClimate manipulation
Thee site is one of the locations of the European projects: Climate driven changes in
thee functioning of heath and moorland ecosystems (CLIMOOR) that ran from 1997
too 2001 and Vulnerability assessment of shrubland ecosystems in Europe under
climatee change (VULCAN) that ran from 2001 to 2005. During this period the site
wass intensively studied in various related disciplines to study the impact of climate
changee on plants, soil processes, soil water and fauna (Beier et al, 2004; Emmett et
al,, 2004; Gorissen et al., 2004; Llorens et al., 2004; Penuelas et al, 2004; Schmidt et
al,, 2004; Wessel et al., 2004) and the podzolization process (Jansen et al., 2004).
Thee climate manipulation involved nighttime warming or summer drought in 20 m2
plotss (Beier et al., 2004) (Fig. 2 and 3). Nine experimental plots of 5 m * 4 m each
weree established in relatively homogeneous areas within the site. Each plot was
randomlyy assigned a treatment: control (C), heating (H) and prolonged drought (D)
duringg the growing season, so that three replicate plots per treatment were present.
Aroundd each plot, a light scaffolding structure was built of galvanized steel tubes
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coveredd by thin plastic sleeves to prevent contaminants leaching into the plot. In the
heatingg plots, this frame supported a retractable, reflective curtain made of strips of
infraredd reflective material bound into a high-density polyethylene mesh. A small
motorr activated by a light sensor drew this curtain over the vegetation at night, to
reducee the loss of infrared radiation, and removed it again at daytime. A tipping
buckett rain sensor activated the removal of the curtain at night to enable rain to
enterr the plot. Over the drought plots, the retractable curtain was made of
transparentt polyethylene plastic. During two months in the growing season
(generallyy June and July), the rain sensor activated the motor to extend this cover
overr the plots once rain was detected and removed the cover when the rain had
stopped.. Further details on the method can be found in Beier et al. (2004).
Monitoringg of the plots started in December 1998 (pre-treatment period) and the
treatmentss started in May 1999. The average effect of the nighttime warming was
continuouslyy on average 0.5°C in the topsoil. In the air (20 cm above the soil) an
averagee temperature increase of 0.7°C during the night (04:00 hour) was observed,
whichh decreased gradually during the day to 0°C at 16:00 hour (Beier et a l , 2004)
(Fig.. 4). This was a relatively small increase not exceeding the natural year-to-year
differencess at the site. But it is realistic in relation to the predicted future
temperaturee increase (Houghton et.al., 2001). It also reflects the pattern of increased
minimumm temperatures in the air rather than a general diurnal increase (IPCC,
1995).. The two-month summer drought treatment reduced precipitation in the
growingg season (May to September) with 45% compared to control in 1999, 5 1 % in
2000,, 43% in 2001, 43% in 2002, 70% in 2003 and 42% in 2004 (Table 1). As a result
off the reduced precipitation soil moisture content decreased significantly during the
treatmentss (Fig. 5)
Figuree 3 Overview of climate treatment plots at the 'Oldebroekse heide'.
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Tablee 1 Precipitation from May to September in the control and drought plots (mm).
19999
2000
2001
2002
2003
2004
controll (mm)

269 9

274 4 244 4 220 0 211 1

droughtt (mm)

148 8

134 4

139 9

125 5 63 3

170 0

reductionn (%)

45 5

51 1

43 3

43 3

42 2

70 0

293 3

Figuree 4 Mean temperature in the control and heated plots during 24 hours at -10 cm, -5 cm
andd 0 cm soil depth and at 20 cm above the soil surface.
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Figuree 5 Soil moisture content in the upper 10 cm of the soil in the control and drought
plotss from 1 Feb. 2000 to 31 Jan. 2001. The drought treatment was from 25 May to 25 July.
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Rationale,Rationale, objectives and approach
Mostt studies related to nutrient-poor ecosystems have been focused on climate and
nutrientt driven changes in the artic and sub-artic regions, mainly because the mean
surfacee temperature is predicted to increase more in northern latitudes than in other
climatee zones (Houghton et al., 2001). This geographic bias resulted in a lack of
knowledgee about the response of mid and southern latitude ecosystems to climate
changee (Rustad et al., 2001). While climate change is likely to affect ecosystem
functioningg at mid latitudes as well through changes in the soil nutrient pool, which
couldd affect plant growth on top of the direct effects of climate change on plant
growth.. As a result of the very low P availability in the mineral soil horizon, which
actss as a strong sink for P, the most important P source for plants is the ectorganic
soill horizon. Although the role of microbial community in organic matter
decompositionn and nutrient transformation is widely recognized, less is known
aboutt the effect of P limitation on microbial dynamics under climate change. The
limitedd P availability in this ecosystem could probably determine the response of
ecosystemm processes to the climate manipulation. Considering the importance of P
forr both plants and microorganisms in this ecosystem more detailed insight on the P
dynamicss between the ecosystem P pools is needed.
Thee main objective of this research was to improve the understanding of heathland
ecosystemm functioning under climate change and the role of microbial nutrient
transformationss in decomposing litter herein. Special focus was given to the most
limitingg nutrient P as P was expected to play an important role in the response of
thiss ecosystem to climate change. To accomplish this objective this study mainly
concentratedd on three research questions:
What is the effect of climate change on microbial nutrient transformations,
especiallyy P transformations during litter decomposition?
What is the effect of climate change on plant growth?
What are the short and long term effects of climate change on the interaction
betweenn plant growth and litter decomposition and subsequent C and P
cycling? ?
Researchh into the effects of climate change on ecosystem functioning is complicated
ass climate conditions gradually change and its effect is often hard to assess among
thee effects of other disturbances. Experiments are therefore essential to study the
effectss of climate change in isolation. In this PhD research, field and lab experiments
weree combined with simulation modeling. Long term field experiments were
conductedd to assess the impact of climate change on ecosystem functioning as
ecosystemss are already adapted to a large short-term inter-annual variability in
climate.. Because in field experiments, processes are dependent on the ruling climate
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conditions,, additional laboratory experiments were performed to investigate certain
processess in isolation for more mechanistic research. Simulation modeling was used
too integrate several results and make predictions beyond the field measurement
period. .
OutlineOutline of this thesis
Ass the mineral soil in the study area is P poor, P mineralized from decomposing
litterr is an important source of P to plants. Microorganisms are the first to access
senescedd litter and microbial P transformation could be an important factor
determiningg P availability to plants. Microorganisms produce the enzyme acid
phosphatasee that mineralizes organic P to inorganic P, which is available for plant
uptake.. In chapter 1 the relation between microbial dynamics, phosphatase activity
andd inorganic P is studied in a laboratory experiment to determine whether
phosphatasee activity restricts P mineralization and to determine the importance of
microbiall biomass in the mineralization of P. Temperature and moisture conditions
affectt microbial activity and the immobilization and mineralization of C, N and P.
Thee P availability might affect the rates of these processes. Therefore, in chapter 2
thee effect of P limitation on the temperature and moisture response of microbial
nutrientt transformations is studied in a laboratory experiment. Chapter 3 deals with
thee effect of a simulated climate change on litter decomposition and microbial
nutrientt transformations in a large scale field experiment conducted at the dry
heathlandd ecosystem.
Inn chapter 4 the effect of a summer drought on microbial dynamics and plant
growthh is studied as from previous work the role of moisture conditions had become
evident.. The direct effect of drought on the interaction between plants and
microorganismss was evaluated at the ecosystem level.
Inn chapter 5 plant litterfall at the site is monitored together with plant biomass. A
modell calculation is made to unravel the effect of changes in litterfall and litter
decompositionn rate on fresh organic matter storage. Together with plant and
litterfalll data, ecosystem C and P cycling is quantified on the short and longer term.
Finallyy in the synthesis, a more complete picture of Dutch heathland ecosystem
functioningg under climate change is drawn by integrating the results from the
previouss chapters and combining these with other results collected within the
CLIMOORR and VULCAN projects.
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Thee relation between microbial dynamics, phosphorus availability and
phosphatasee activity in decomposing phosphorus poor Calluna vulgaris
litter r

Abstract t
Thee relationship between microbial dynamics, phosphorus (P) availability and
microbiall acid phosphatase activity in decomposing P poor litter was studied by
meanss of a laboratory incubation experiment. The litter originated from a dry
heathlandd ecosystem, dominated by Calluna vulgaris (L.) Hull., in the Netherlands.
Thee highly weathered acid sandy soil had low available P concentrations and as a
resultt plant productivity at the site was limited by the availability of P. Acid
phosphatasee activity did not play a role in the low P availability in the litter of this P
poorr heathland, because phosphatase activity was very high throughout the
experimentt and therefore did not restrict P mineralization. Instead low P availability
inn litter was caused by rapid microbial P immobilization. Within 48 days 8 5 % of
totall P present in the decomposing litter was incorporated in microbial biomass. Of
thee remaining P, 7% was present as inorganic P, while 9% remained in the litter.
Thee distribution of P over the P pools changed only slightly over the duration of the
experiment,, despite the high acid phosphatase activity measured throughout the
experiment. .
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Introduction n
Loww P availability in soils may be the most important factor limiting plant growth in
manyy terrestrial ecosystems (Attiwill and Adams, 1993). Within soil, the majority of
inorganicc P is in mineral form, bound to Ca, (amorphous) Al and/or Fe solid phases,
andd is therefore largely unavailable for plant uptake in the short term (Addiscott and
Thomas,, 2000). Plants are therefore highly dependent on the cycling of P by organic
matterr decomposition. Microbial biomass plays a key role in organic matter
decompositionn and the associated mineralization of nutrients (Wu et al., 2000).
Microorganisms,, plant roots and mycorrhizae produce specific enzymes to degrade
differentt chemical compounds present in organic matter. Extra cellular enzymes are
freee enzymes that are released to the soil from living cells. One of these extra
cellularr enzymes is acid phosphatase. This specific enzyme hydrolyzes the C-O-P
esterr bonds in organic P compounds and releases inorganic P into the soil
(Tabatabai,, 1994).
Manyy heathland ecosystems in the Netherlands have highly weathered acid sandy
soilss with low inorganic P concentrations (van Vuuren, 1992; Diemont, 1996). The
plantt communities of these ecosystems are dominated by the dwarf shrub, Calluna
vulgarisvulgaris (L.) Hull., which produces P poor litter with a nitrogen (N)/P ratio of >16,
indicatingg that P, rather than N, is the more important limiting nutrient for
vegetationn growth (Koerselman and Meuleman, 1996). In these P-limited
ecosystems,, competition for P between plants and microorganisms is likely to be
strong.. Decomposing litter is an important source of P for plants and
microorganisms.. The timing and rate of P release during litter decomposition is
importantt for plant growth as well as for microbial biomass dynamics. Previous
studiess have suggested that the mineralization of P within litter with a low P
contentt is slow (Kwabiah et a l , 2003). Others have found that if microbial demand
and/orr plant demand for P is high, more acid phosphatase is produced, enhancing
organicc P mineralization (Moorhead and Sinsabaugh, 2000). Our hypothesis is that
inn P limited ecosystems, such as many of the Dutch heathlands, high phosphatase
activityy might not result in higher P availability as the mineralized P will be
immobilizedd in the P limited microbial biomass. A laboratory incubation experiment
wass carried out (1) to study the relationship between P availability, microbial P and
microbiall phosphatase activity during the initial stages of the decomposition of P
poorr C. vulgaris litter and (2) to determine whether phosphatase activity plays a role
inn the low P availability in these P poor ecosystems.
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Materialss and methods
SamplingSampling and litter preparation
Litterr was collected at a Dutch heathland site called 'Oldebroekse heide' (52°24' N,
5°55'' E) located in the center of the Netherlands. The heathland is dominated by the
dwarff shrub C. vulgaris. The soil is a nutrient-poor, well-drained, acid sandy Haplic
Podzoll (FAO, 1998), with a mormoder humus form (Green et al, 1993). The
heathlandd is dominated by the dwarf shrub C. vulgaris with an average age of over
155 years. The C. vulgaris plants form a dense, intertwined canopy. Ready-to-fall C.
vulgarisvulgaris litter, consisting of shoots, flowers and branches (under 1.5 mm in diameter
andd under 20 mm in length (40 mm for branches)), was collected in autumn 2001
outsidee the climate manipulated plots by lifting the plants and placing a plastic sheet
underneath.. The shrubs were gently shaken and senesced litter was collected. Part
off the litter we collected had been in direct contact with the soil surface and
thereforee further inoculation with soil extracts of microflora and microfauna was
nott necessary. The collected litter was taken to the laboratory where it was dried in
thee open air in the laboratory at 20°C in order to let macrofauna escape. The litter
wass bulked, homogenized and stored in plastic bags at 3°C. The litter consisted of
56%% flowers, 27% shoots and 4% branches (on a mass basis); the remainder consisted
off small unidentifiable particles. Chemical composition of the bulked litter is
summarizedd in table 1.1.

Tablee 1.1 Initial chemical composition of bulked litter. Total C, N, P, Ca, Mn in g kg ' and
initiall C/N and N/P (kg kg ') ratio and lignin and cellulose (g kg0).

cc

NN

PP

Ca a

Mn n

C/NN ratio

N/PP ratio

lignin n

Cellulose e

543 3

11.81 1

0.61 1

3.53 3

0.20 0

46 6

19 9

563 3

393 3

IncubationIncubation experiment
Fifteenn grams of the litter was weighed in petridishes (14 cm diameter * 1.2 cm
height)) and the gravimetric moisture content adjusted to 200% on a mass basis. The
petridishess were closed with a loosely fitting cover to allow aeration for microbial
respirationn and put in a tray in an incubator at a temperature of 10°C. Small jars
filledd with water and moist tissue paper were also placed in the incubator and the
wholee was loosely covered by a plastic sheet to provide a moist atmosphere in order
too minimize evaporation from the petridishes. This temperature and moisture level
representedd prevailing long term average temperature and moisture conditions in
Octoberr when the bulk of litter falls. During incubation the samples were regularly
weighedd and evaporation was compensated by adding deionized water to maintain
constantt moisture content. Initial microbial and chemical characterization of the
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plantt litter material was performed before the addition of water (day 0). After 48, 80,
108,, 206 days of incubation five replicate samples were removed from the incubator
andd analyzed.
ChemicalChemical analysis.
Firstt the CO2 and N2O production rates of the samples were measured by removing
alll replicates from the petridishes and putting them in airtight bottles. The samples
weree left to rest for one night at 10°C in the incubator and the next day CO2 and
N2OO production rate was determined by gas chromatography analysis of the
headspacee CO2 accumulation in the airtight bottles on respectively a Carlo Erba gas
chromatographh and a Varian 3600 gas chromatograph. The litter held in the bottles
wass divided into several sub samples for further analysis. Moisture content was
determinedd by drying a subsample at 70°C for 48 h. Acid phosphatase (EC 3.1.3.2)
wass determined as described by Tabatabai and Bremner (1969) and Eivazi and
Tabatabaii (1977). The procedure is based on the colorimetric estimation of the pnitrophenoll released by acid phosphatase activity when soil is incubated with a
bufferedd sodium/?-nitrophenyl phosphate solution (pH 6.5) and toluene at 37°C.
Microbiall biomass carbon (C) and N was determined by fumigating a 4.5 g moist
litterr (1.5 g dry weight) for 24 h with ethanol free CHCb , then extracted with 50.0
mll 0.5M K2SO4 (for 1 h). At the same time a non-fumigated sub sample was also
extractedd with 0.5M K2SO4. (Brookes et al, 1985; Vance et al., 1987). Extractions
weree analyzed for dissolved organic carbon (DOC), dissolved organic nitrogen
(DON),, N-NH4+, N-NO3 and N-NO2 on a Skalar continuous flow auto-analyzer.
Microbiall biomass C was estimated as the difference between the DOC
concentrationn of the fumigated and unfumigated extracts. Microbial biomass N was
estimatedd as the difference between the summed DON, N-NH41 and N-NOr (because
N-NO2"" was not detectable) concentration of the fumigated and unfumigated
extracts.. Because of analytical problems DON was not measured at day 0. DON is
pann of the lysed microbial cells after fumigation, but microbial biomass C and N at
dayy 0 was very low, indicating that DON could never been a substantial part of the
lysedd microbial N. An extractability of 0.45 was assumed when calculating the
microbiall C and N (Wu et al, 1990).
Inorganicc P (Pi) was analyzed by shaking a subsample of 1.5 grams of moist litter
correspondingg with 0.5 grams of dry litter with 50.0 ml 0.5 M NaHCO^ (pH 8.5 for
300 minutes) (Olsen et al., 1954). The resulting solution was filtered and dissolved P
concentrationss were determined colorimetrically by the ammonium molybdate
ascorbicc acid method as described by Murphy and Riley (1962). Microbial biomass P
wass determined by the fumigation extraction method as described by Brookes et al.
(1982).. Here 1.5 grams of moist litter (0.5 g dry litter) was fumigated for 24 h with
ethanoll free chloroform and extracted with 50.0 ml 0.5 M NaHCOi (pH 8.5). In the
extractt P concentration was also determined colorimetrically by the ammonium
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molybdatee ascorbic acid method. Microbial biomass P was calculated as the
differencee between dissolved P concentration of the fumigated and unfumigated
extract.. An extractability of 0.40 for P was assumed (Brookes et al., 1982).
Totall C and N content of the samples was measured by a CNS analyzer (Vario EL
analyzerr (Elementar)) and total contents of other chemical elements by an ICP-OES
(Perkinn Elmer) after HNCh + HC1 digestion (4.0 ml HNCb 65%, 1.0 ml HC1 37% and
1.00 ml H2O) in a microwave oven (Multiwave (Anton Paar)).
Calculations Calculations
Assumingg that microbial biomass is intermediate to the organic matter and inorganic
NN and P, the net N and P mineralization rate is the rate at which inorganic N and P
iss produced and the net microbial C, N and P immobilization rate is the rate at
whichh microbes immobilize C, N and P. Net P and N mineralization and
nitrificationn rate was calculated respectively as the change in litter inorganic P (P.),
N-NELff plus N-NO3 and N-NCh concentration over time. Net C, N and P microbial
immobilizationn is calculated as the change in the microbial C, N and P pool over
time. .
Thee amount of C respired as CO2 for the first period (0 to 48 days) was calculated
fromm total C analyses of the samples at day 0 and day 48. This was done because the
CO22 respiration measurement at day 0 was carried out before the addition of water.
Ass a result we probably underestimated respiration at day 0 as the addition of water
willl most likely have led to a temporal peak in respiration (Pulleman and Tietema
1999).. Consequently, the exact respiration dynamics between day 0 and day 48 were
thereforee unknown. The amount of C respired as CO2 for the time steps 80, 108 and
2066 days was calculated from the direct CO2 respiration rate measurements.
Dataa of dry litter remaining in the litterbags as percentage of initial was fitted to a
singlee negative exponential decay model (eq. 1.1) (Hunt, 1977).
Xtt = X H *e k '
(1.1)
Where;; Xt = mass litter left at time t (gram); Xo = mass initial amount of litter (gram);
tt = time (years); k = fractional weight loss (year ');
StatisticalStatistical analysis
Dataa was tested for homogeneity of variance using Levene's homogeneity of
variancee test (Levene, 1960). One-way analysis of variance was performed to test
differencess between means of one variable between the different time steps, using a
postt hoc Turkey test in case of equal variances and a Tamhane's T2 test in case of
unequall variances. Differences were called significant at the P < 0.05 level. All tests
weree performed in the Compare Means Procedure in the statistical program SPSS
11.00 (SPSS Inc., 2001) Data are reported as means standard deviation.
Bivariatee correlation analyses were carried out to test the relationship between the
variouss variables and derivatives. Correlation analysis was only performed with the
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dataa collected at day 48, 80, 108 and 206. Day 0 was excluded from these analyses
duee to lack of significant decomposition processes at this day. Correlation analysis
wass performed in the Correlation Procedure in SPSS 11.0.

Results s
LitterLitter mass loss
Thee percentage remaining of initial mass after 206 days of incubation amounted to
79%% (Fig. 1.1). The fractional weight loss constant k, calculated from the single
exponentiall decay model (r2 = 0.91), was 0.4015 year '.

Figuree 1.1 Decomposition of C. vulgaris litter expressed as percent weight remaining of
initiall litter. Error bars indicate standard deviations (n=5). Different letters indicate
significantt differences between successive time steps at P< 0.05.
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MicrobialMicrobial P and inorganic P
Thee total P concentration of the incubated litter at day 0 was 0.61 g kg ' litter and
increasedd during the experiment to 0.77 g kg ' litter (Fig. 1.2). During decomposition
thee availability of inorganic P (Pi) increased slightly from 0.01 to 0.05 g kg ',
comprisingg on average 6.7%
) of the total P concentration in the litter (Fig.
1.2).. The slight increase in Pi was in contrast to the increase in microbial P. Already
afterr 48 days microbial P had increased to 0.57 g P kg ', which was 85%
) of the
totall amount of P present in the litter material. Microbial P immobilization rate was
veryy high in comparison to net P mineralization rate during this first stage of litter
decompositionn (Fig. 1.3). After 48 days of decomposition microbial P immobilization
andd net P mineralization rates were both very low. Microbial P was on average 13 to
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166 t i m e s h i g h e r t h a n P,. After 206 days of i n c u b a t i o n 7 8 % (

11%) of total P was

p r e s e n tt in t h e m i c r o b i a l P pool, 6 % ( 3%) w a s p r e s e n t as P, a n d 1 6 % ( 8%) was in
t h ee organic P pool.
Figuree 1.2 Total P, microbial P and inorganic P dynamics in g kg during 206 days of
incubation.. Error bars indicate standard deviations (n=5). Different letters indicate
significantt differences between successive time steps within one variable at P< 0.05.
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Figuree 1.3 Microbial P immobilization rate and net P mineralization rate in g kg 1 d a y '
duringg the four incubation periods. Error bars indicate standard deviations (n=5). Different
letterss indicate significant differences between successive time intervals within one variable
att P< 0.05.
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MicrobialN,MicrobialN, NHs,
NOsandDON
Thee total N concentration of the incubated litter increased from 12.27 g kg ' to 15.38
gg k g ' (Fig. 1.4). The N-NH-r and N-NO:t concentration increased as well. No
changess in N-DON concentration were found during the experiment (Fig. 1.4).
Microbiall N increased rapidly during the first incubation period and at 48 days a
clearr peak in microbial N was present. Only 5 to 10% of total N was mineralized or
takenn up in the microbial biomass. Net N immobilization was much higher than net
NN mineralization or nitrification (Fig. 1.5). Denitrification was negligible during the
wholee incubation experiment as N2O fluxes were not detectable (results not shown).

Figuree 1.4 Total N, microbial N, NH4, NCh and DON dynamics in g kg during 206 days of
incubation.. Error bars indicate standard deviations (n=5). Different letters indicate
significantt differences between successive time steps within one variable at P< 0.05. Notice
thee y-axis is composed of two segments with different scales. Significant differences in NH4
andd NCh are not drawn for the purpose of clarity.
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MicrobialMicrobial C, DOC and CO2
Microbiall C increased rapidly from 2.07 g C kg ' at day 0 to 12.18 g C kg ' at day 48,
remainedd constant from day 48 to 80 and had decreased with 6 1 % at 108 days (Fig.
1.6).. From day 108 to 206 microbial biomass C remained constant. The peak in
microbiall C at day 48 was about 2% of the total C present in the incubated litter at
dayy 48. The DOC concentration increased steadily during the incubation
experiment.. Average CO2 respiration was highest from day 0 to day 48 and
decreasedd steadily during the remainder of the experiment (Fig. 1.7). From figure 1.7
itt is clear that the amount of C respired as CO2 per day for each incubation period of
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t h ee e x p e r i m e n t w a s m u c h h i g h e r t h a n t h e microbial C i m m o b i l i z a t i o n rate or C that
w a ss p r e s e n t as D O C .

Figuree 1.5 Microbial N immobilization rate, net N mineralization rate, nitrification rate and
DONN production rate in g kg ' day ' during the four incubation periods. Error bars indicate
standardd deviations (n=5). Different letters indicate significant differences between
successivee time intervals within one variable at P< 0.05.
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Figuree 1.6 Total C, microbial C and DOC dynamics in g kg ' during 206 days of incubation.
Errorr bars indicate standard deviations (n=5). Different letters indicate significant
differencess between successive time steps within one variable at P < 0.05. Notice the y-axis
iss composed of two segments with different scales.
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Figuree 1.7 Average CCh respiration rate, microbial C immobilization rate and DOC
productionn rate in g kg ' day ' in each time interval. Error bars indicate standard deviations
(n=5).. Different letters indicate significant differences between successive time intervals
withinn one variable at P< 0.05.
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Tablee 1.2 Microbial C/N and N/P ratios on a mass basis at the 5 time steps. Standard
deviationss between brackets (n=5). Different letters indicate significant differences between
sequentiall time steps within one variable at P< 0.05.
dayy
microbial
microbial
C/NN (stdev)
N/P (stdev)
1.0(0.2).
00
21.6(1.1).,
488
10.3(0.4)h
2.1(0.2)b
800
22.2 (4.5).
0.9 (0.2).
1088

8.3 (1.2)J

1.4 (0.4)j

2066

10.4 (2.1)j

1.4(0.7)d

AcidAcid phosphatase activity
Acidd phosphatase activity increased from the start of the experiment and remained
highh during the whole incubation experiment (Fig. 1.8). Phosphatase activity
fluctuatedd between 7.27 and 12.03 g/>NP kg ' h ' , with a minimum at day 80.
MicrobialMicrobial C/Nand N/P ratio
Differencess in the sizes of the microbial C, N and P pool during incubation, lead to
varyingg microbial C/N and N/P ratios during incubation (Table 1.2). In the first 48
dayss of incubation, the microbial C/N ratio decreased significantly to a value of 10.
Thiss was because of higher microbial N immobilization relatively to microbial C
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immobilization.. Microbial P immobilization was relatively small compared to
microbiall N immobilization. This resulted in an increase in microbial N/P ratio. But
ass further microbial P immobilization ceased, due to P depletion of the litter, and
microbiall biomass N decreased, the microbial N/P ratio decreased again. During the
lastt two incubation periods (i.e. 80 to 108 and 108 to 206 days), the microbial C/N
andd N/P ratios remained constant.
CorrelationCorrelation analysis
AA significant correlation between microbial N and acid phosphatase activity was
found.. (Pearson's correlation coefficient was 0.65 (P < 0.01, n=20)). No other
significantt correlations between the variables were found.

Figuree 1.8 Enzyme acid phosphatase activity in g p-nitrophenol (/>NP) kg ' h '. Error bars
indicatee standard deviations (n=5). Different letters indicate significant differences between
successivee time steps at P < 0.05
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Discussion n
Thee percentage remaining of initial mass in the incubation experiment after 206
dayss was 79%. This corresponded very well with the percentage remaining of initial
masss of C. vulgaris litter incubated in litterbags at a dry heathland in a region
adjacentt to the area where the litter used in this study was collected (van Vuuren,
1992).. They found that approximately 84% of the incubated mixture of leaves and
flowerss was left after 7 months of incubation.
Initiall growth of the microbial biomass on the substrate was very high. In the first
488 days microbial biomass P, N and C increased rapidly to a community size found
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inn other studies in heathland ecosystems (Jensen et al., 2003; Jonasson et al., 1996;
Schmidtt et al., 1999). Within 48 days microorganisms immobilized 84.6% of total P
presentt in the decomposing litter. The P, and N (N-NH4% N-NOs) pools were small
comparedd to the microbial P and N pools. At its highest level. Pi was only 7.3% of
totall P in the incubated litter. And at its greatest level, N-NHrwas only 1.3% of total
NN and 0.4% of total N was NOs. Jonasson et al. (1996) and Kwabiah et al. (2003)
foundd low levels of P. in soil and a large proportion of total P incorporated in
microbiall biomass. Our results indicated that also in decomposing C. vulgaris litter a
largee proportion of total P was immobilized in microbial biomass. A low level of P,
wass present during the whole incubation experiment. This Pi was not immobilized
inn microbial biomass probably because P mineralization, by the extra cellular
enzymee acid phosphatase, and microbial P immobilization took place simultaneously
butt at different microsites in the decomposing material. Because of the low Pi levels
duringg the experiment P became limiting to microbial growth. Microbial C and N
decreasedd through P depletion of the litter material and P limitation to the microbial
biomass.. This suggests interactions between intracellular C, N and P nutrient cycles
off the microorganisms. These interactions were reflected in the changes in microbial
C/NN and N/P ratios (Table 1.2). Approximately 4.6% of total P was not mineralized
orr taken up in the microbial biomass in the time span of the experiment. This
fractionn may have consisted of more recalcitrant P-bonds that were protected from
enzymaticc attack in high molecular weight compounds (Hens and Merckx, 2001).
Althoughh the acid phosphatase activity was high during the whole experiment, the
moree recalcitrant P bonds could not be mineralized. This agrees with work carried
outt by Tarafdar and Claassen (1988),who also found that decomposition of organic P
compoundss was not limited by acid phosphatase activity, but by the availability of
hydrolysablee organic P sources.
Thee N-NH4" and N-NO3 concentrations increased during incubation, indicating that
NN was not limiting microbial growth or decomposition. Another indication that N
wass not limiting microbial growth or decomposition was the decrease in microbial N
att 80 days (Fig. 1.4). Changes in N-NH4- and N-NCh pools were smaller than
changess in microbial N pool, indicating that microbial N increase or decrease was
nott dependent on the size of the N-NH4' and N-NCb pool. The same accounted for
DON:: the DON pool stayed more or less equal during the second half of the
incubationn experiment. Although the microbial population was not growing from
dayy 108 to 206, they stayed active, which can be concluded from the ongoing CO2
respirationn and weight loss. Microorganisms possibly decoupled catabolism from
growth,, because of P limitation. This is a common feature found with many
differentt microorganisms, when growing under nutrient limiting conditions (Dawes,
1989;; Tempest and Neijssel, 1992; Larsson et al., 1995).
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Thee acid phosphatase activity measured in this study (8-12 g />NP kg 1 hr') was
higherr than the ranges found in other studies for a variety of ecosystems (Olander
andd Vitousek, 2000). However, when comparing the ratio between acid phosphatase
activityy and microbial biomass C (634-3787 g pNP (kg microC)' hr 1 ), ratios fitted
veryy well within data found in other studies. For example Carpenter-Boggs et al.
(2003)) found a ratio of 884 for a grassland Mollisol. Jordan et al. (2003) even found a
ratioo that was much higher: 13428 for a forested Ultisol. High acid phosphatase
activityy has been reported to be a response to low P availability (Sinsabaugh et al.,
1993;; Tabatabai, 1994; Johnson et al., 1998). However, although phosphatase activity
iss high during the experiment, this does not result in high P availability, because of
rapidd microbial P immobilization and P depletion of the litter material. Olander and
Vitousekk (2000) suggested that the absence of a relationship between Pi and
phosphatasee activity could be caused by excess levels of Pi. Results from this study
indicatedd that at low levels of P! a relationship between Pi and phosphatase activity
cann also be absent. Although no relationship between P. and phosphatase activity
wass found, a strong positive correlation between phosphatase activity and microbial
NN was found. Olander and Vitousek (2000) also found evidence for an interaction
betweenn the N and P nutrient cycles. They showed that N additions stimulated
phosphatasee activity at an N limited site, probably caused by increased productivity
andd thus P demand in response to the alleviation of N deficiency. In this study
microbiall N levels increased and decreased with the same trend as phosphatase
activity.. Changes in microbial N corresponded with changes in microbial N/P ratios.
Higherr N/P ratios indicate relatively higher P limitation, resulting in increasing
microbiall P demand and as a result a higher phosphatase activity. This suggests that
regulationregulation of phosphatase activity is through microbial P demand and, in particular,
thee relative microbial N/P content of the microbial biomass.
Conclusions s
Acidd phosphatase activity did not play a role in the low P availability in the litter of
thiss P poor heathland ecosystem because phosphatase activity was very high and did
nott restrict P mineralization. Instead low P availability in the litter was caused by
rapidd microbial P immobilization. We hypothesize that microbial biomass plays an
importantt role in preserving P in an active soil pool and in regulating P availability
too plants in this heathland ecosystem.

Acknowledgements s
Wee wish to thank Joke Westerveld for her laboratory assistance and Alwyn Sowerby
forr her valuable comments on the manuscript. This research was funded by EU
underr the project VULCAN (Contract EVK2-CT-2000-00094) and the University of
Amsterdam. .

27 7

•• J .. I , J l JfV^L LlMJL\mmrt

fitófö fitófö

.:: _J_lMi*mm*M*W

Ü- - Li, J*.M • -•

Vt__^

22
Regulationn of microbial activity by temperature and humidity during
decompositionn of Calluna vulgaris litter under phosphorus limitation*

Abstract t
Thee importance of the microbial community and climate conditions for litter
decompositionn and nutrient mineralization is widely accepted, although less is
knownn about the effect of microbial phosphorus (P) limitation on the temperature
andd moisture response of microbial nutrient transformations and activity. We tested
thee hypothesis that P availability affects the temperature and moisture response of
microbiall nutrient transformations during litter decomposition. Fresh Calluna
vulgarisvulgaris (L.) Hull, litter was incubated at 5°, 10°, 15° and 20°C and at 50%, 100% and
200%% humidity. The litter originated from a C. vulgaris dominated dry heathland
areaa in the Netherlands. The site experiences high levels of atmospheric nitrogen (N)
deposition,, N leaching is high and P availability in soil and plant tissue is low,
indicatingg that P is the most important nutrient limiting vegetation growth.
MicrobialMicrobial nutrient transformations were evaluated during two successive periods, an
initiall decomposition period of 48 days in which P was not limiting microbial
activityy and a second period from 48 to 206 days in which P was limiting microbial
activity.. Microbial activity depended both on temperature and humidity. Under
non-PP limited conditions microbial carbon (C) and N immobilization rates, net P
mineralization,, net N mineralization and nitrification were controlled
predominantlyy by temperature conditions; whilst microbial P immobilization was
limitedd by humidity. Under P limiting conditions, in the second incubation period,
microbiall C, N and P immobilization and net N and P mineralization rates decreased
significantly,, while CO2 respiration and the metabolic quotient increased. The effect
off temperature and humidity on process rates under P limitation was smaller, absent
orr opposite to the effect of temperature and humidity under non P limiting
conditions.. Although further microbial growth was limited by low P availability,
microorganismss remained active and the metabolic quotient increased with
temperature.. This increase indicated decreased C utilization efficiency of the
microbiall community and was probably caused by stress induced by either or both
increasedd temperature and increased P limitation.

** with A. Tietema and J.W. Westerveld. submitted to Soil Biology & Biochemistry'
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Introduction n
Temperaturee and moisture are considered key factors regulating many
biogeochemicall processes, such as litter decomposition (Kirschbaum, 1995), CO2
respirationn (e.g. Howard and Howard, 1993; Leirós et a l , 1999) and nutrient
mineralizationn and immobilization (Schmidt et al., 1999; Jonasson et al., 2004). CO2
respirationn rate and net nitrogen (N) mineralization have been reported to increase
withh higher temperatures (Rustad et al., 2001). However, no response or negative
responsee patterns of biogeochemical processes to increasing temperature are found
ass well (Rustad et al., 2001). It is thought that the lack of response or negative
responsee are related to a simultaneous decline in moisture content associated with
increasingg temperature (Peterjohn et al., 1994; McHale et a l , 1998; Rustad and
Fernandez,, 1998), as well as the availability of nutrients. For example, several studies
havee reported limited response of plant growth to warming alone, but significant
responsee to warming plus fertilization (Parsons et al., 1994; Wookey et al., 1994;
Presss et al., 1998; Jonasson et al., 1999). At the Dutch heathland area 'Oldebroekse
heide'' climate conditions have been manipulated since May 1999. The manipulation
involvedd night time warming or summer drought in 20 m2 plots (Beier et al., 2004).
NN deposition in the Netherlands has exceeded critical loads of 15-20 kg N ha ' year '
forr half a century (Heil and Bobbink, 1993) and N leaching is high at the site
(Schmidtt et al., 2004). The highly weathered acid sandy soil is mineralogical very
poorr with very low inorganic phosphorus (P) concentrations in the soil solution.
Thee dominating dwarf shrub, Calluna vulgaris (L.) Hull., produces P poor litter with
ann N/P (g/g) ratio of >16, indicating that P is the most important limiting nutrient
forr vegetation growth (Koerselman and Meuleman, 1996). Low availability in the
soill of this essential nutrient could therefore determine plant response and response
off biogeochemical processes to the climate manipulation at the experimental site.
Becausee P concentration in mineral soil is low, decomposing litter is an important P
pooll for plants and microorganisms. Although the importance of the microbial
communityy and climate conditions for litter decomposition and nutrient
mineralizationn is widely recognized (e.g. Swift et al., 1979; Kirschbaum, 1995; Dilly
andd Munch, 1996; Schmidt et al., 1999; Jonasson et al., 2004), less is known about
thee effect of microbial P limitation on the temperature and moisture response of
microbiall nutrient transformations and activity. In chapter 1 the relation between
microbiall dynamics, P availability and acid phosphatase activity was studied during
thee initial stage of C. vulgaris litter decomposition. Two decomposition periods were
identified:: an initial period of about 50 days of incubation, in which P was not
limitingg microbial activity and a second period from about 50 to 200 days of
incubation,, in which P was limiting microbial activity. The objective of this study
wass to determine whether P availability affected the temperature and moisture
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responsee of microbial nutrient transformations during litter decomposition. A
laboratoryy experiment was performed in which fresh C. vulgaris litter was incubated
att four different temperatures at three different moisture levels.

Materialss and methods
SamplingSampling and litter preparation
Litterr was collected at the Dutch heathland site called 'Oldebroekse heide' (52°24 N,
5°555 E) located in the centre of the Netherlands (Beier et al., 2004). The soil is a
nutrient-poor,, well-drained, acid sandy Haplic Podzol (FAO, 1998) with a
mormoderr humus form (Green et al., 1993). The heathland is dominated by the
dwarff shrub C. vulgaris with an average age of over 15 years. C. vulgaris plants form
aa dense, intertwined canopy. Ready-to-fall C. vulgaris litter, consisting of shoots,
flowerss and branches (under 1.5 mm in diameter and under 20 mm in length (40
mmm for branches)), was collected in autumn 2001 outside the climate manipulated
plotss by lifting the plants and placing a plastic sheet underneath. The shrubs were
gentlyy shaken and senesced litter was collected. Part of the litter we collected had
beenn in direct contact with the soil surface and therefore further inoculation with
soill extracts of microflora and microfauna was not necessary. The collected litter was
takenn to the laboratory where it was left in the open air in the laboratory at 20°C in
orderr to let macrofauna escape. The material was uniformly mixed and stored in
plasticc bags at 3°C. Litter consisted of 56% flowers, 27% shoots and 4% branches (on
aa mass basis); the remainder consisted of small unidentifiable particles. Chemical
compositionn of the bulked litter is summarized in Table 2.1.

Tablee 2.1 Initial chemical composition of bulked litter. Total C, N, P, Ca, Mn in g kg' and
initiall C/N and N/P (kg kg ') ratio and lignin and cellulose (g kg ').

cc

NN

PP

Ca a

Mn n

C/NN ratio

N/PP ratio

lignin n

Cellulose e

543 3

11.81 1

0.61 1

3.53 3

0.20 0

46 6

19 9

563 3

393 3

IncubationIncubation

experiment

Fifteenn grams of the litter was weighed in petridishes (14 cm diameter * 1.2 cm
height)) and humidity was adjusted to 50%, 100% or 200% on a mass basis,
representingg realistic field moisture contents of the organic layer. The petridishes
weree closed with a loosely fitting cover to allow aeration for microbial respiration
andd put in a tray in an incubator at a temperature of 5°C, 10°C, 15°C or 20CC. Small
jarss filled with water and moist tissue paper were also placed in the incubator and
thee whole was loosely covered by a plastic sheet to provide a moist atmosphere in
orderr to minimize evaporation from the petridishes. The experimental design was
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fulll factorial with temperature and moisture as factors, with respectively four and
threee levels, making up twelve treatments, each treatment with five replicates per
timee step. During incubation it was determined that evaporation had to be
compensatedd weekly by adding deionized water to maintain constant moisture
content.. Litter weight loss was determined on five replicate samples after 48, 80, 108
andd 206 days. The addition of water, to compensate for evaporation, was adjusted to
thiss weight loss. Initial microbial and chemical characterization of the litter material
wass performed before the addition of water (day 0). After 48 and 206 days of
incubationn five replicate samples per temperature-moisture condition combination
weree removed from the incubator and analyzed.
Firstt the CO2 production rates of the samples were measured by removing all
replicatess from the petridishes and putting them in airtight bottles. The samples
weree left to rest for one night at the same temperature - moisture combination they
experiencedd during incubation and the next day CO2 respiration rate was
determinedd by gas chromatography analysis of the headspace CO2 accumulation in
thee airtight bottles on a Carlo Erba gas chromatograph. Moisture content was
determinedd by drying a sub sample at 70°C for 48 h. Microbial biomass C and N was
determinedd by fumigating a moist sub sample corresponding to 1.5 g dry litter for 24
hh with ethanol free CHCla, then extracted with 50.0 ml 0.5M K2SO4 (for 1 h)
(Brookess et al., 1985; Vance et al, 1987). At the same time a non-fumigated sub
samplee was extracted with 0.5M K2SO4. Extracts were analyzed for dissolved organic
carbonn (DOC), total N, N-NH4\ N-NCb and N-NO2 on a Skalar continuous flow
auto-analyzer;; so dissolved organic nitrogen (DON) concentrations could be
calculated.. Microbial biomass C was estimated as the difference between the DOC
concentrationn of the fumigated and unfumigated extracts. Microbial biomass N was
estimatedd as the difference between the summed DON, N-NH4* and N-NO3 (N-NO2
wass not present) concentration of the fumigated and unfumigated extracts. Because
off analytical problems DON was not measured at day 0. DON was part of the lysed
microbiall cells after fumigation, but the size of the microbial biomass C at day 0 was
veryy small, indicating that DON could never been a substantial part of the lysed
microbiall N. An extractability of 0.45 was assumed when calculating the microbial C
andd N (Wu et al, 1990).
Inorganicc P (Pi) was analyzed by shaking a moist sub sample corresponding to 0.5 g
off dry litter with 50.0 ml 0.5 M NaHCOs (pH 8.5, for 30 minutes) (Olsen et al.,
1954).. The resulting solution was filtered and solution P concentrations were
determinedd colorimetrically by the ammonium molybdate ascorbic acid method as
describedd by Murphy and Riley (1962). Microbial biomass P was determined by the
fumigationn extraction method as described by Brookes et al. (1982). A moist sub
samplee corresponding to 0.5 g of dry litter was fumigated for 24 h with CHCk and
extractedd with 50.0 ml 0.5 M NaHCOi (pH 8.5, for 30 minutes). In the extract
inorganicc P concentration was also determined colorimetrically by the ammonium
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molybdatee ascorbic acid method. Microbial biomass P was calculated as the
differencee between the P concentrations of the fumigated and unfumigated extract.
Ann extractability of 0.40 for P was assumed (Brookes et al., 1982). Total P content
wass measured on ICP-OES (Optima 3000XL, Perkin Elmer) after an HNCb + HC1
digestionn (4.0 ml HNOs 65%, 1.0 ml HC1 37% and 1.0 ml H2O) in a microwave oven
(Multiwave,, Anton Paar).
Calculations Calculations
Microbiall C, N and P immobilization, net N and P mineralization and nitrification,
CO22 respiration rate and the metabolic quotient {cflOi) (Anderson and Domsch,
1990)) were calculated for the first incubation period (0 to 48 days) and the second
incubationn period (48 to 206 days) for each temperature-moisture combination.
Microbiall C, N and P immobilization, net N and P mineralization and nitrification
weree calculated as the difference in respectively sample microbial C, N and P, NNH<rr plus N-NO3-, Pi and N-NO3 (no NO2 was found) concentration in mg kg '
betweenn day 0 and 48 and between day 48 and 206, divided by the amount of days
(Schmidtt et al., 1999). The CO2 respiration rate was calculated as the average CO2
respirationn rate in mg C k g ' day A during the two incubation intervals. The
metabolicc quotient (0CO2) was calculated as the average C-CO2 respiration rate per
gramm microbial C per hour (mg C-CO2 (g microbial C) ' h 1 ) between day 0 and 48
andd between day 48 and 206.
RegressionRegression analysis
Thee effect of temperature (T) and moisture (M) on all measured variables was
evaluatedd by performing a linear regression for each incubation period, with
temperaturee and moisture as the independent variables. The linear regression was
performedd with the SPSS Linear Regression procedure (SPSS Inc., 2001). Data fitted
bestt to the following linear equation:
(2.1)
YY = i+ t*T + m*M
Where;; Y = dependent variable; i = intercept; t, m = coefficients for T (temperature
inn °C) and M (moisture in %). The regression coefficients t and m, a two-tailed
significancee level of these coefficients and the r2 of the linear regression were
estimated.. Because temperature increased with 15 units from 5 to 20°C and moisture
withh 150 units from 50 to 200%, the moisture percentage had to be divided by 10 to
obtainn the same unit increase. From the absolute values of t and m conclusions can
bee drawn on the relative impact of temperature (slope t) and moisture (slope m) on a
variable.. When t > m: temperature is the most important factor explaining the
variationn in the data and when m > t moisture is the most important factor
explainingg the variation in the data. The sign of t and m (plus or minus) indicated
whetherr a variable increased (plus) with increasing temperature or moisture or
decreasedd (minus) with increasing temperature or moisture condition.
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DecompositionDecomposition rate
Thee decomposition rate constant k was calculated from the proportion of dry litter
remainingg in petridishes after 0, 48, 80, 108 and 206 days, using the negative
exponentiall decay function {Swift et al., 1979) (eq. 2.2):
X,, = Xo*e k t
(2.2)
Where;; Xt = mass litter left at time t (g); Xo = mass initial amount of litter (g); t = time
(years);; k = fractional weight loss (year ').
Statistics Statistics
Dataa was tested for homogeneity of variance using Levene's homogeneity of
variancee test (Levene, 1960). Two-way analysis of variance was performed with
temperaturee (5°C, 10°C, 15°C and 20°C) and gravimetric moisture content (50%,
100%% and 200%) as factors. A Post Hoc Multiple Comparisons Test was used to test
whichh means differed, using Turkey's honestly significant difference tests in case of
equall variances and a Tamhane's T2 test in case of unequal variances. Differences in
meanss were called significant when P< 0.05 or weakly significant when P< 0.1. All
testss were performed with the SPSS General Linear Model procedure (SPSS Inc.,
2001)) using type III sums of squares. Data are reported as means + standard
deviation. .

Results s
TreatmentTreatment effect
Temperaturee and moisture levels had a significant effect on all variables in the initial
decompositionn period except on microbial P immobilization and microbial C
immobilization,, where the effect was weakly significant (Table 2.2). In the second
periodd temperature had a significant effect on all variables, while moisture had a
significantt effect on all variables, except on microbial N immobilization and net P
mineralizationn (Table 2.2).
TemperatureTemperature and moisture response
Thee linear regressions fitted the data well, r2 values lied between 0.399 and 0.713 in
thee first incubation period, explaining high proportions of the total variation in a
variablee by temperature and moisture (eq. 2.1) (Table 2.3). In the second period
linearr regression gave good fits for CO2 respiration and gCCh. The other variables
hadd very low r2 and regressions were not significant for microbial P immobilization,
nett N mineralization and nitrification. Non-linear regression models were also fitted
too the data of the second period, but also these models gave very poor results.
Indicatingg that other factors than temperature and moisture were more important
determiningg the variation in the data.
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Tablee 2.2 Results from ANOVA for overall temperature and moisture effect on variables
duringg the initial period (0-48 days) and the second period (48-206 days). Abbreviations:
CO22 = C-CO2 respiration rate; qCÖ2 = metabolic quotient; microC = microbial C
immobilizationn rate; microN = microbial N immobilization rate; microP = microbial P
immobilizationn rate; P min = net P mineralization rate; N min = net N mineralization rate;
nitrr = nitrification rate; + P< 0.1; * P< 0.05; ** P< 0.01; *" P< 0.001; blank cells, P> 0.1.
COzz qCCh microC
microN
microP P min N min
nitr
Temperature e
0-488 days
48-2066 days
Moisture e
0-488 days
48-2066 days

Tablee 2.3 Coefficients, r2 and significance (/'value) of linear regression equation:
YY = i + t * T + m*Mfor the two decomposition periods: 0-48 and 48-206 days. With Y is the
dependentt variable, i is the intercept, t and m are the coefficients for T and M, with T
standingg for temperature (°C) and M for moisture (corrected). For explanation of variable
abbreviationss and significance level see Table 2.2.
variable e period period rr2 2
0.594 4
CO2 2 0-48 0-48
48-206 48-206 0.529 9

Intercept Intercept t t
24.87 7
161.96 6
25.09 9
536.55 5

0-48 0-48 0.6220 0 -1.3210 3 3
48-206 48-206 .575 5 -8.54-103 3
247.45 5
microC C 0-48 0-48 0.429 9
11.20 0
48-206 48-206 0.163 3
9CO2 2

mm
15.13 3
18.85 5

6.72-103 3
8.57-103 3

1.74-103 3
3.14-103 3

-9.53 3
0.72 2

1.58 8
-1.12 2

0.679 9
microN N 048 048
48-206 48-206 0.157 7

26.08 8
-0.26 6

-1.12 2
0.21 1

0.28 8
-8.055 10 2

microP P 0-48 0-48 0.685 5
48-206 48-2060.071 1
PP min 0-48 0-48 0.461 1
48-206 48-2060.120 0

2.49 9
0.42 2

2.70-102 2
2.33-102 2

0.34 4
2.89-10-2 2

1.1110 2 2
0.39 9

5.23-10-2 2
-1.6910 2 2

1.3010 2 2
-4.16-103 3

NN min 0-48 0-48 0.7130 0
48-206 48-206 .073 3

0.34 4
0.64 4

0.31 1
-4.69-100 2

0.48 8
-1.74-100 2

4.9310 2 2
-4.91-103 3

0.15 5
6.37-100 2
3.0410 2 2
1.54-102 2

nitr r

0-48 0-48 0.399 9
48-206 48-2060.085 5
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LitterLitter decomposition
Remainingg weight as percentage of the initial weight after 48 days and 206 days of
incubationn is given in figure 2.1. In general percentage weight remaining decreased
withh increasing temperature and with increasing moisture content. Decomposition
ratee k values ranged from 0.09 yr ' for 5°C and 50% moisture to 0.57 yr ' for 20°C
andd 200% moisture (eq. 2.2 ) (Table 2.4).
CO2CO2 respiration rate and metabolic quotient
Temperaturee had a stronger effect on CO.» respiration rate than moisture (Table 2.3).
Thee CO2 respiration showed the same trend in both decomposition periods (Fig. 2.2a
andd b). It increased with temperature at 50% humidity, with the strongest increase
betweenn 15°C and 20°C. At 100% and 200% humidity, COi respiration was
approximatelyy equal at 5°C, 10°C and 15°C and increased from 15 to 20°C. In
addition,, CO2 respiration increased with humidity at 5°C, 10°C and 15°C. The
metabolicc quotient (qCOi) showed the same trend for both incubation periods as
well:: it increased from 5 to 15°C and at 20°C it was equal to or slightly lower than
thee metabolic quotient at 15°C. In general, the metabolic quotient decreased with
moisturee content (Fig. 2.2c and d).

Figuree 2.1 Remaining mass as percentage of initial at 48 days and 206 days of incubation.
Temperaturee and moisture conditions are abbreviated in the following way, e.g.: 5°C and
50%% moist, is referred to as 5-50 and similarly for the other temperature - moisture
combinations.. Error bars indicate standard deviation (n=5).

II 48 days I

I 206 days

100 0
90-DJO O

80 0
70 0

60 0

«K<$W5>>

« P A # .«5\sfc# »«K<$^

Temperaturee ( C) and moisture (%)
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Tablee 2.4 Decomposition constants k (yr ') and r2 values for a single exponential decay
model.. For explanation of abbreviations see caption Fig. 2.1.
temp p

5--

5--

moist t

50 0

100 0 200 0 50 0

5--

10--

10--

10--

15--

15--

100 0 200 0 50 0

15--

20--

20--

100 0 200 0 50 0

20--

100 0 200 0

kk value 0.09 9 0.19 9 0.32 2 0.20 0 0.27 7 0.38 8 0.33 3 0.43 3 0.51 1 0.50 0 0.59 9 0.57 7
0.99 9 0.95 5 0.98 8 0.96 6 0.92 2 0.91 1 0.95 5 0.97 7 0.95 5 0.92 2 0.94 4 0.89 9
r2 2

Figuree 2.2 Temperature (°C) response of (a and b) CO2 respiration and (c and d) the
metabolicc quotient (gCOi) from day 0 to 48 and day 48 to 206. — 50% of moisture;
100% of moisture; —o— 200% of moisture. Error bars indicate standard deviation
(n=5). .
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MicrobialMicrobial C, N and P immobilization rates
Inn the first decomposition period, microbial C and N immobilization was strongly
affectedd by temperature conditions, whereas microbial P immobilization was more
stronglyy affected by humidity (Table 2.3). Both microbial C and N immobilization
showedd the same trend: immobilization decreased from 5 to 15°C and increased
slightlyy from 15 to 20°C (Fig. 2.3a and c). Large differences in microbial P
immobilizationn rates between the three moisture levels were found. P
immobilizationn was almost twice as high at 200% humidity than at 50% humidity
(Fig.. 2.3e). In the second period, microbial C, N and P immobilization rates
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decreasedd significantly (Fig. 2.3b, d and f) and for some temperature - moisture
combinationss became negative, indicating a decline in microbial biomass. Different
temperatures-moisturee conditions resulted in few significant differences in
microbiall C, N and P immobilization rates. Microbial C and N immobilization rates
againn showed the same trend for the temperature range, a minimum at 10°C and an
increasee from 10 to 15°C. This was in contrast to microbial C and N immobilization
inn the first period, where rates decreased from 10 to 15°C. Microbial biomass P
immobilizationn rates were only positive throughout the whole temperature range
forr 50% moisture. While microbial P immobilization depended strongly on moisture
conditionss during the first period, in the second incubation period no significant
effectt of temperature or moisture conditions was found (Fig. 2.3e and f; Table 2.3).
Inn summary, microbial immobilization rates in the first period were higher than in
thee second period and differences between the temperature and moisture conditions
weree less profound in the second period. Noticeable was the opposite temperature
responsee in microbial C and N immobilization rate between the first and the second
period:: in the first period microbial C and N immobilization rate decreased from 10
too 15°C and in the second period it increased from 10 to 15°C.
Afterr 206 days of incubation microbial biomass C, N and P differed between the
differentt temperature - moisture combinations (Fig. 2.4a, b and c). Higher C and N
immobilizationn rate (especially during the first period) at low temperatures resulted
inn a higher microbial biomass C and N (Fig. 2.4a and b). Differences among
temperaturess in microbial biomass P after 206 days were not so profound (Fig. 2.4c).
However,, differences in microbial biomass P between the moisture levels were
significant.. At low temperatures, microbial biomass P was twice as high at 50%
humidityy than at 200% humidity. This difference decreased with increasing
temperature.. After 48 days of incubation microorganisms had immobilized 41-50%
forr 50% humidity, 63-73% for 100% humidity and 75-85% for 200% humidity of
totall P present in the litter. After 206 days these percentages remained the same for
mostt temperature - moisture combinations.
NetNet P and N mineralization and nitrification rates
Nett P mineralization rate depended more strongly on temperature than on the level
off humidity (Table 2.3). Net P mineralization was low in comparison with microbial
PP immobilization rates. At 50% humidity net P mineralization increased with
temperaturee (Fig. 2.5a). At 100% and 200% humidity net P mineralization increased
fromm 5 to 10°C, but declined at 15°C and increased again at 20°C. In the second
periodd net P mineralization was lower than in the first period (Fig. 2.5b). Net P
mineralizationn decreased from 15 to 20°C, which was in contrast to the increase
fromm 15 to 20°C in the first period. The decrease from 15 to 20°C was accompanied
byy an increase in microbial P immobilization rate. Net N mineralization was more

38 8

Figuree 2.3 Temperature (°C) response of (a and b) C immobilization, (c and d) N
immobilizationn and (e and f) P immobilization from day 0 to 48 and day 48 to 206.
—a—— 50% of moisture; — — 100% of moisture; —o— 200% of moisture. Note the different
scalee of y-axes. Error bars indicate standard deviation (n=5).
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stronglyy affected by temperature than by moisture conditions (Table 2.3). In the first
incubationn period net N mineralization increased with temperature. At 50%
humidityy net N mineralization rate increased strongest between 5°C and 10°C, while
att 100% and 200% humidity net N mineralization increased strongest between 15°C
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andd 20°C (Fig. 2.5c). In the second period net N mineralization rate decreased for
50%% humidity at 10°C and 15°C and for all three moisture contents at 20°C (Fig.
2.5d).. There was a noticeable decline in net N mineralization rate from 15 to 20°C in
contrastt to the increase from 15 to 20°C in the first incubation period. Nitrification
ratess were more strongly affected by temperature conditions (Table 2.3) and
nitrificationn increased with temperature for 100% and 200% humidity in the first
periodd (Fig. 2.5e). In the second period nitrification rate was very low, with one
exceptionn for 15°C and 200% moisture content (Fig. 2.5f).

Figuree 2.4 Microbial biomass C (a), N (b) and P (c) in mg kg"1 after 48 and 206 days for all
temperaturee - moisture conditions. Error bars indicate standard deviation (n=5).
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Discussion n
Thee decline in P availability during the second incubation period resulted in a sharp
decreasee in P immobilization. Although C and N immobilization rate decreased as
well,, C and N availability did not limit microbial growth. This was shown by the
higherr microbial biomass C and N at low temperature, indicating that although the
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litterr is less decomposed and less C and N was released, microbial C and N
immobilizationn was not limited. In addition, at the end of the first incubation period
aa high percentage of total P was immobilized. This signifies that low P availability
wass indeed limiting microbial growth in the second incubation period. The effect of
thee P limitation was reflected in the temperature and moisture response of microbial
nutrientt transformation rates. In the initial decomposition period, P did not limit
microbiall growth. In addition, C and N immobilization, net P and N mineralization
andd nitrification were also more strongly controlled by temperature than by
humidity,, while P immobilization was more strongly affected by humidity (Table
2.3).. P immobilization was twice as high at 200% humidity than at 50% humidity.
Severall interrelated mechanisms could explain low microbial biomass at low soil
waterr content; reduced diffusion of soluble substrates (Griffin, 1981a) and/or
reducedd microbial mobility and/or consequent access to substrate (Griffin, 1981b;
Killhamm et al, 1993). Values of soil water content that are below the level at which
microbiall activity declines in mineral soil are not comparable with values of
volumetricc water content in litter. This is because fresh litter has a much larger pore
volumee than mineral soils and therefore has a far higher air/mass ratio (Schaap,
1997).. However, mechanisms causing low microbial biomass at low moisture
contentt in mineral soil are most likely comparable to the mechanisms at play in
litter.. Low humidity in the first incubation period affected the immobilization of the
mostt limiting nutrient P more strongly than the immobilization of the non limiting
nutrientss N and C. In the second incubation period it seemed as if there were two
causess for the P limitation for microbial growth. Namely (i) an indirect moisture
effect,, where the high moisture content of the litter material resulted in almost
completee depletion of P (at beginning of second period 74% to 85% of total P was
incorporatedd in microbial P pool) and (ii) a direct moisture effect: low moisture
contentt limited microbial P immobilization and mineralization (at beginning of
secondd period 41% to 50% of total P was incorporated in microbial P). The P
limitationn (indirect or direct) reduced the C and N immobilization, net P and N
mineralizationn and nitrification rate significantly. In addition, the effect of
temperaturee and moisture conditions on processes declined or was absent. Negative
responsess with respect to non P limiting conditions were found over the whole
temperaturee and moisture range or in specific temperature-moisture intervals (Table
2.3).. For example net N mineralization rate increased between 15° to 20°C under
nonn P limiting conditions, but decreased under P limiting conditions (Fig. 2.5a and
b).. This decrease in net N mineralization was accompanied by increased net N
immobilization,, meaning that the mineralized N was immobilized in microbial
biomass.. This same process occurred with net P mineralization. Net P mineralization
decreasedd from 15 to 20°C in the second incubation period, but was accompanied by
ann increase in P immobilization. Evidently, the balance between mineralization and
immobilizationn was temperature dependent and differed between non P limiting
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andd P limiting conditions. In spite of the P limitation, microorganisms remained
active,, which can be concluded from the ongoing respiration and resulting litter
weightt loss (Fig. 2.2b and Fig. 2.1). Decomposition rate increased with increasing
temperaturee and this was accompanied by higher CO2 respiration rate (Fig. 2.2a and
b).. However, microbial C and N immobilization decreased with increasing
temperature,, resulting in a smaller microbial biomass at higher temperature (Fig.
2.4aa and b). As a consequence, the metabolic quotient increased significantly with
temperature,, especially between 5°C and 15°C (Fig. 2.2c and d). This increase in
metabolicc quotient indicated a decrease in C utilization efficiency of the microbial
community.. More often a decreasing metabolic quotient during the course of
decompositionn is found, indicating increasing C use efficiency associated with the
losss of easily-degradable substrates (Wardle, 1993; Dilly and Munch, 1996).
However,, Jonasson et al. (2004), also reported higher soil microbial biomass in soil
sampless incubated at 10°C than at 12°C, but higher CO2 respiration rates at 12°C
thann at 10°C, resulting in a higher metabolic quotient during a 22 weeks incubation
experiment.. According to Pohhacker and Zech (1995), microbial biomass is very
sensitivee for high temperatures. High respiration rates can indicate a stressed
microbiall community. Higher temperature increased the energy demand of the
microbes,, at the expense of the size and growth rate of the population (Pohhacker
andd Zech, 1995). An increase in the metabolic quotient has also been reported to
resultt from nutrient stress, other than carbon limitation stress. It has been proposed
thatt this is a result of diminished importance of conserving carbon resources as other
nutrientss become limiting (Wardle, 1993). The increase in metabolic quotient with
higherr temperatures could therefore also indicate increased stress through increasing
PP limitation. From this study it is difficult to distinguish between the effect of
temperaturee and the effect of increasing P limitation; however the equal metabolic
quotientt at 15°C and 20°C could indicate that P limitation was more important than
increasedd temperature. As microbial C immobilization was very low under P
limitation,, most of the CO2 respired is due to cell maintenance respiration (Tempest
andd Neijssel, 1984). CO2 respiration uncoupled from growth is a common
phenomenonn found with many different microorganisms, when growing under
nutrientt limiting conditions (Dawes, 1989; Tempest and Neijssel, 1992; Larsson et
al.,1995). .
Conclusions s
Underr non P limiting conditions microbial C and N immobilization rates, net P
mineralization,, net N mineralization and nitrification depended more strongly on
temperaturee conditions, while microbial P immobilization depended more strongly
onn humidity levels. Low humidity affected the immobilization of P more strongly
thann the immobilization of N and C. Under P limiting conditions, microbial
immobilizationn and net nutrient mineralization rates decreased significantly and the
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effectt of temperature and humidity decreased significantly. However the CO2
respirationn rate and the metabolic quotient increased. This increase indicates
decreasedd C utilization efficiency of the microbial community and was probably
causedd by stress induced by either or both increased temperature and increased P
limitation.. Considering the results from this study, we hypothesize that P limitation
decreasess the response of biogeochemical processes to the climate manipulation at
thee experimental site.
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33
Microbiall dynamics and litter decomposition under a changed climate in
aa Dutch heathland*

Abstract t
Climatee change scenarios predict changes in temperature and precipitation. The
effectt of a modest temperature increase and repeated summer droughts on the rate
off litter decomposition and microbial biomass dynamics was studied by a field scale
manipulationn experiment at a phosphorus (P) deficient dry heathland ecosystem in
thee Netherlands. The warming treatment increased the rate of decomposition during
thee first half year, whereas the decomposition rate of the more recalcitrant litter
fractionn was not affected. The two summer drought treatments retarded litter
decompositionn rate permanently, indicating that both the labile and recalcitrant
fractionn were affected. Microbial carbon (C), nitrogen (N) and P immobilization was
affectedd by the warming treatment as well as by the drought treatment. Enhanced
temperaturess resulted in increased microbial biomass C during the first half year of
incubation,, whereas the first drought treatment significantly retarded microbial N
andd P immobilization. The delayed microbial N and P immobilization in the drought
plotss prevented a period of net N and P mineralization that was observed in the
controll plots. After one year of incubation microbial biomass C, N and P was
significantlyy higher in the drought plots, probably as a result of availability of new
substratesubstrate caused by the drying and rewetting process. Although microbial biomass
wass higher in the drought plots, the microbial C/N ratio was equal to the control,
indicatingg that longer-term microbial composition was not affected by the drought.
InIn conclusion, climate change shifted microbial biomass dynamics and the timing of
PP mineralization, which might affect plant growth in this already P deficient
ecosystem. .

Withh A. Tietema and J.M. Verstraten, submitted to Applied Soil Ecology
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Introduction n
Microbiall activity plays an important role in decomposition of organic matter and
thee immobilization and mineralization of nutrients. Numerous factors, such as soil
minerall sources, amount and quality of soil organic matter, soil texture, atmospheric
input,, water content, soil temperature and freezing, affect microbial activity
(Panikov,, 1999). These factors are considered to be dynamic and changing in the
coursee of hours, days and months. Ecosystem functioning is adapted to this daily,
monthlyy and seasonal variability in environmental conditions. However, changes in
meann global air temperature and precipitation patterns are predicted, resulting in
increasedd temperatures of between 1.4 and 5.8°C over this century as well as more
severee droughts and floods (Houghton et al., 2001). This climate change will affect
keyy ecosystem processes, shifting ecosystem functioning into a different direction
({Norbyy et al., 1997; Ineson et al., 1998; Jonasson et al., 1999; Rustad et al., 2001).
Microbiall nutrient mobilisation is an important process for the regulation of plant
growthh in nutrient-deficient ecosystems (Harte and Kinzig, 1993; Jonasson et al.,
1996).. The impact of climate change might alter microbial dynamics, decomposition
off organic matter and mineralization of nutrients. Together these changes may have
aa strong impact on the functioning of nutrient-poor ecosystems. At the Dutch
heathlandd area 'Oldebroekse heide' climate conditions have been manipulated since
Mayy 1999. The manipulation involved nighttime warming or summer drought in 20
m22 plots (Beier et al., 2004). The soil is a highly weathered, acid sandy soil, with very
loww phosphorus (P) concentrations. Nitrogen (N) deposition in the Netherlands has
exceededd critical loads of 15 to 20 kg N ha ' year ' for half a century (Heil and
Bobbink,, 1993) and N leaching is high at the site (Schmidt et al., 2004). The
dominatingg dwarf shrub, Calluna vulgaris (L.) Hull, produces P poor litter, with an
N/PP ratio of >16, indicating that P is the most important nutrient limiting vegetation
growthh (Koerselman and Meuleman, 1996). Decomposing litter is an important
nutrientt pool for plants and microorganisms but microbial biomass itself is also
consideredd as an important nutrient pool (Kuono et al., 2002). In order to study the
effectt of changes in climate on (1) the decomposition rate of C. vulgaris Wttex and (2)
thee size and dynamics of the microbial biomass decomposing this litter and (3) the
subsequentt nutrient mineralization, we performed a litterbag incubation experiment
att a P deficient heathland ecosystem in the Netherlands where climate was
manipulated. .
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Materialss and methods
SiteSite description and treatment
Thee experiment was conducted at a Dutch heathland area called "Oldebroekse
heide'' located in the center of the Netherlands (52°24' N, 5°55' E). The site is
dominatedd by the perennial woody dwarf shrub C. vulgaris (95% groundcover). The
soill is a nutrient-poor, well-drained, acid sandy Haplic Podzol (FAO, 1998), with a
mormoderr humus form (Green et al, 1993). The site experiences high N deposition
(20-255 kg N ha-1 y') and further details are presented in table 3.1.
Ninee experimental plots of 5m x 4m each were established in relatively
homogeneouss areas within the site. Each plot was randomly assigned a treatment:
controll (C), heating (H) and prolonged drought (D) during the growing season, so
thatt three replicate plots per treatment were present. Around each plot, a light
scaffoldingg structure was built of galvanized steel tubes covered by thin plastic
sleevess to prevent contaminants leaching into the plot. In the heating plots, this
framee supported a retractable, reflective curtain made of strips of infrared reflective
materiall bound into a high-density polyethylene mesh. A small motor activated by a
lightt sensor draws the curtain over the vegetation at night and triggers its removal
againn during the daytime. This treatment reduces the loss of infrared radiation from
thee community at night, therefore resulting in a warming of on average 0.5°C in the
topsoill (-10 to 0 cm). In the air (20 cm above the soil) an average temperature
increasee of 0.7°C during the night (04:00 hour) was observed, which decreased
graduallyy during the day to 0°C at 16:00 hour (Beier et al., 2004). A tipping bucket
rainn sensor activated the removal of the curtain at night to enable rain to enter the
plot.. Over the drought plots, the retractable curtain was made of transparent
polyethylenee plastic. During two months in the growing season (generally June and
July),, the rain sensor activated the motor to extend this cover over the plots once
rainn was detected and removed the cover when the rain had stopped. Further details
onn the method can be found in Beier et al. (2004). Monitoring started in December
19988 (pre-treatment) and the treatments started in May 1999. The two-month
summerr drought treatment reduced precipitation in the growing season (May to
September)) with 45% compared to control in 1999, 51% in 2000, 43% in 2001, 43%
inn 2002 and 70% in 2003.
LitterbagLitterbag experiment
Ready-to-falll C. vulgaris litter, consisting of flowers, shoots and branches (under 1.5
mmm in diameter and under 20 mm in length for shoots; under 40 mm in length for
branches),, was collected outside the plots in autumn 2001 by gently shaking the
shrubs.. The collected litter was bulked, left in the open air in the laboratory at
approximatelyy 20°C to let macrofauna escape, uniformly mixed and stored in plastic
bagss at 3°C. Bulked litter consisted of 56% flowers, 27% shoots and 4% branches (on
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Tablee 3.1 Site characteristics 'Oldebroekse heide'.
Location n
52°24'' N, 5°55' E
Altitudee fm)
25 5
Yearlyy mean air temperature (°C) 10.1 1
Precipitationn (mm year l)
1042 2
NN deposition (kg ha ' year !)
20-25 5
Vegetation n
CallunaCalluna vuJgaris
Above-groundd C (g C m 2)
584 4
Soill type
Haplicc Podzol
Humuss form
mormoder r
Organicc layer
depthh (cm)
++ 4 - 0
pH H
3.7 7
C/N(gg') )
26.0 0
organicc matter (g kg ')
650 0
bulkk density (g cm ')
0.11 1
Organicc rich mineral horizon
depthh (cm)
0-16 6
pH H
3.8 8
organicc matter (g kg ')
33 3
bulkk density (g cm 3)
1.69 9

aa mass basis); the remainder consisted of small unidentifiable particles. Initial
chemicall composition of the bulked litter was 543 g C kg ', 11.81 g N kg ', 0.61 g P
kgg \ 3.53 g Ca kg ' and 0.20 g Mn k g ' . The initial C/N and N/P ratio (kg kg 1 ) was
respectivelyy 46 and 19 and the lignin and cellulose concentration was respectively
5633 and 393 g kg '. Litterbags (9.0 * 9.0 cm, with a mesh size of 1 mm 2 ) were filled
withh 5.00 grams of the litter and placed beneath C. vulgaris plants at three different
areass within each of the nine plots (3 control plots, 3 heating plots and 3 drought
plots).. Litterbags were placed in the field at 7 February 2002 and nine replicate bags
perr plot (three per area) were retrieved on 10 April 2002 (62 days), 17 July 2002 (160
days),, 24 February 2003 (382 days) and 28 October 2003 (628 days). A set of 27
litterbagss was brought to the field at 7 February 2002 and taken back the same day.
Thee contents of these litterbags was weighed and taken as the initial weight of the
litterbags.. Drought treatment, during the incubation experiment, was from 18 May
too 10 August 2002 and 2 June to 1 August 2003. Initial microbial and chemical
characterizationn of the litter material was performed on nine replicate samples of the
3°CC stored material. This initial characterization was taken as day 0.
Dataa of dry litter remaining in the litterbags was fitted to a single negative
exponentiall decay model (eq. 3.1) (Hunt, 1977).
Xtt = Xo*e k l
(3.1)
Where;; Xt = mass litter left at time t (gram); Xo = mass initial amount of litter (gram);
tt = time (years); k = fractional weight loss (year v);
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ChemicalChemical analysis
Att each collection day 3 litterbags from each of the 3 incubation areas in the plots
weree collected (total 9 bags per plot; 27 per treatment) and brought to the
laboratory.. Litterbags were cut open and ingrown mosses were removed. The total
contentt was weighed, homogenized and moisture content was determined by drying
aa sub sample of approximately 2 gram at 70°C for 48 h. The 3 litterbags retrieved
fromm the same incubation area in one plot were pooled and the next day CO2
respirationn rate was measured by gas chromatography analysis of the headspace CO2
accumulationn in airtight bottles at 20°C. Then the litter held in the bottles was split
intoo several sub samples for further analysis. Microbial biomass C and N was
determinedd by fumigating a moist sample corresponding to 1.5 g dry weight for 24 h
withh ethanol free CHCb , then extracted with 50.0 ml 0.5M K2SO4 (for 1 h) (Brookes
ett al., 1985; Vance et al., 1987). At the same time a non-fumigated sub sample was
alsoo extracted with 0.5M K2SO4. Extractions were analyzed for dissolved organic
carbonn (DOC), total N, N-NH4+, N-NCh and N-NO2 on a Skalar continuous flow
auto-analyzer,, so dissolved organic nitrogen (DON) concentrations could be
calculated.. Microbial biomass C was estimated as the difference between the DOC
concentrationn of the fumigated and unfumigated extracts. Microbial biomass N was
estimatedd as the difference between the summed DON, N-NH4+, N-NO3 and N-NO2
concentrationss of the fumigated and unfumigated extracts. Because of analytical
problemss DON was not measured at day 0. DON is part of the lysed microbial cells
afterr fumigation, but the size of the microbial biomass C at day 0 was very small,
indicatingg that DON could never been a substantial part of the lysed microbial N.
Ann extractability of 0.45 was assumed when calculating the microbial C and N (Wu
ett al., 1990).
Inorganicc P (Pi) was analyzed by shaking a moist sub sample corresponding with 0.5
gramss of dry litter with 50.0 ml 0.5 M NaHCOs (pH 8.5 for 30 minutes) (Olsen et al.,
1954).. The resulting solution was filtered and solution P concentrations were
determinedd colorimetrically by the ammonium molybdate ascorbic acid method as
describedd by Murphy and Riley (1962). Soil microbial biomass P was determined by
thee fumigation extraction method as described by Brookes et al. (1982). Here a moist
subb sample corresponding to 0.5 g dry litter was fumigated for 24 h with ethanol free
CHCkk and extracted with 50.0 ml 0.5 M NaHC03 (pH 8.5). P concentration was also
determinedd colorimetrically by the ammonium molybdate ascorbic acid method.
Microbiall biomass P was calculated as the difference between the P concentration of
thee fumigated and unfumigated extracts, an extractability of 0.40 for P was assumed
(Brookess et al., 1982). Total C and N content of the samples was measured by a CNS
analyzerr (Vario EL analyzer, Elementar). Total P content was measured on ICP-OES
(Optimaa 3000XL, Perkin Elmer) after an HNO3 + HC1 digestion (4.0 ml HNO3 65%,
1.00 ml H O 37% and 1.0 ml H2O) of a 250.0 mg sample (grinded and homogenized
(<0.22 mm)) in a micro oven (Multiwave, Anton Paar).
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Statistics Statistics
Dataa was tested for homogeneity of variance using Levene's homogeneity of
variancee test (Levene, 1960). Two-way analysis of variance (ANOVA) was
performedd with treatment and time (day/date) as main factors. For each treatment
(controll / heated / drought) separately we used a post hoc multiple comparisons test
too test which means differed in time, using Turkey's honestly significant difference
testt in case of equal variances and a Tamhane's T2 test in case of unequal variances.
Treatmentt effect on each sampling date was tested by an independent samples t-test.
Differencess in means were called significant when P < 0.05 or weakly significant
whenn P < 0.1. ANOVA's were performed with the SPSS General Linear Model
proceduree (SPSS Inc., 2001) using type III sums of squares and the independent
sampless t-test was performed with the SPSS Compare Means procedure. Data are
reportedd as means standard deviation.

Results s
Decomposition Decomposition
Thee percentage of litter remaining at the final sampling date amounted to 61.9
%% for the litter in the control plot, 62.0
% for the litter in the heated plot
andd 70.0
% for the litter in the drought plot (Fig. 3.1). No significant effect of
thee heating treatment on the cumulative mass loss at the final sampling date was
found.. However the heating treatment significantly enhanced mass loss during the
firstt incubation period (7 Feb. 2002 - 10 April 2002) and remained weakly
significantlyy higher during the second incubation period (10 April 2002 - 17 July
2002)) (Fig. 3.1a). In the drought plots mass loss was weakly significantly reduced
fromm the start of the incubation and influence was even further enhanced by the
followingg drought treatments in summer 2002 and summer 2003 (Fig. 3.1b). The
fractionall weight loss constant k (eq. 3.1) was 0.32
) year 1 for the control
plots,, 0.32
) year ' for the heated plots and 0.27( 0.03) year ' for the drought
plots.. The k value from the drought plots was significantly lower than the k values
fromm the control and heated plots.
MicrobialMicrobial CO2 respiration
Ass all ingrown mosses were removed from the litterbag material before the
measurementt of the CO2 respiration rate, the measured CO2 originated from
microbess present in the litter material. CO2 respiration at 10 April 2002 was equal to
thee CO2 respiration rate of the initial material (Fig. 3.2), but had increased in the
controll and heated plots the next sampling date (17 July 2002). At this date, CO2
respirationn rate was significantly reduced by the drought treatment, however the
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followingg s a m p l i n g date (24 F e b r u a r y 2003) it h a d c o m p l e t e l y

recovered

and

e x c e e d e dd C O J respiration rate in t h e c o n t r o l a n d h e a t e d plots.

Figuree 3.1 Mass remaining as percentage of initial content for the (a) control and heated
plotss and the (b) control and drought plots. Symbols indicate significant treatment effect at
onee sampling date; * P< 0.05; # P<0.\. Error bars indicate standard deviation (n=27).
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Noo differences in CO2 respiration rate between the control and heated plots were
observedd and CO2 respiration rate in winter (24 Feb. 2003) was equal to respiration
ratee in summer (17 July 2002). At the final sampling date (28 Oct. 2003), CO2
respirationn in the control and heated plots had not changed with respect to 24
Februaryy 2003, however CO2 respiration in the drought plots had significantly
declined. .
MicrobialMicrobial biomass C, Nand P
Microbiall biomass C increased in all plots during the first incubation period, and a
significantt effect of the heating and drought treatment at 10 April 2002 was found
(Fig.. 3.3). At this sampling date microbial biomass C was highest in the heated plots
andd slightly higher in the drought plots than in the control. The drought treatment
hass not started yet at this sampling date, so differences in microbial biomass C in the
droughtt plots at this point should be subscribed to the effects of the previous
summerr drought treatments (1999, 2000 and 2001). On the 17 July 2002 microbial
biomasss C had increased further in all plots and again a significant positive effect of
thee heating and drought treatment was found. On the 17 July 2002, during peak
drought,, microbial biomass C in the drought plots was higher. The next collection
datee (24 Feb. 2003), microbial biomass C was still significantly enhanced by the
droughtt treatment. At the final sampling date (28 Oct. 2003), microbial biomass C
hadd decreased significantly in all plots, but remained significantly higher in the
droughtt plots.
Microbiall biomass N and P did not increase during the first incubation period (7
Feb.. 2002 - 10 April 2002), but increased in the second incubation period (10 April
20022 - 17 July 2002) (Fig. 3.3b and c). On the 17 July 2002, during the first drought
treatment,, microbial biomass N and P in the drought plots was significantly smaller.
Onn the 24 Feb. 2003 microbial biomass N and P in the drought plots had increased
significantlyy and exceeded microbial biomass N and P in the control plots, while
microbiall biomass N and P in the heated plots was equal to the control. On the final
samplingg date (28 Oct. 2003), both microbial biomass N and P were higher in the
heatedd and drought plots.
Microbiall C/N ratio increased rapidly from the start of the experiment, with higher
C/NN ratios in the heated and drought plots on the 10 April 2002 (Fig. 3.3d). On the
177 July 2002 C/N ratios have decreased significantly, although C/N ratio in the
droughtt plots remained higher as in the control and heated plots. On the last two
samplingg dates microbial C/N ratio was equal in all plots, with an average value of 7.
TotalTotal C,N and P
Thee total C concentration in the litter decreased steadily from 544
) g kg '
initiallyy to respectively 520
) g kg ' in the control, 519 (+4) g kg ' in the heated
andd 509
) g kg ' in the drought plots at the final sampling date (28 Oct. 2003)
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(Fig.. 3.4a). N o significant differences in total C c o n c e n t r a t i o n b e t w e e n t h e control,
h e a t e dd a n d d r o u g h t plots at all collection dates was found. Total m i c r o b i a l biomass C
c o n c e n t r a t i o nn at 28 Oct. 2 0 0 3 w a s 1.6
a n dd h e a t e d plots a n d 2.0

% of total C c o n c e n t r a t i o n in t h e c o n t r o l

% of total C c o n c e n t r a t i o n in t h e d r o u g h t plots.

Figuree 3.3 Microbial biomass (a) C, (b) N and (c) P (g kg ') and (d) microbial C/N ratio (g g ').
Significantt treatment effect at one sampling date is indicated by * P < 0.05. Error bars
indicatee standard deviation (n=9).
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Totall N concentration increased in all plots from 7 Feb. 2002 to 24 Feb. 2003 and
remainedd constant from 24 Feb. 2002 to 28 Oct 2003 (Fig. 3.4b). No significant
differencess in total N concentration between the control, heated and drought plots
wass observed, except at 17 July 2002 (during the drought treatment), at this date
totall N concentration in the drought plots was lower. After the drought treatment in
20022 total N concentration increased to the level of total N in the control and heated
plots.. At the final sampling date respectively 9.8
, 10.8
% and 11.9
%% of total N was immobilized in microbial biomass in the control, heated and
droughtt plots.
Theree was a trend for increased total P concentration in the first incubation period,
althoughh not significant (Fig. 3.4c). From 10 April 2002 to 17 July 2002 total P
concentrationn increased significantly in both the control and heated plots, while
totall P concentration in the drought plots remained significantly lower, which was
alsoo found for total N concentration. On the 24 Feb. 2003 total P concentration had
declinedd significantly in the control plots, indicating net P mineralization from 17
Julyy 2002 to 24 Feb. 2003. There was also a trend towards a decrease in total P
concentrationn in the heated plots, although again this was not significant. In the
droughtt plots total P concentration increased further from 17 Feb. 2002 to 24 Feb.
20033 and even exceeded, although weakly significant, total P in the control and
heatedd plots at 24 Feb. 2003. From 24 Feb. 2003 to 28 Oct. 2003 the total P
concentrationn remained constant in all plots. On the 28 Oct. 2003, 81.4
% of
totall P in the control plots was incorporated in microbial biomass and 88.5
%
inn the heated and drought plots.
Thee absolute amount of N remained constant during the first incubation period in
alll plots (Fig. 3.4d), but increased in the next period and showed a clear peak at 17
Julyy 2002. A significant decline in the absolute amount of N in the third incubation
periodd signified a net N mineralization phase in the control plots. The heated plots
followedd the same trend, however the decrease in N was not significant. The
droughtt plots showed a different trend; the net N mineralization phase did not occur
andd as a result absolute N remained constant throughout the remainder of the
experiment.. At the final sampling date the absolute amount of N was significantly
higherr in the drought plots.
Thee absolute amount of P declined in all plots from 0.0094 g P to 0.0067 g P in the
control,, 0.0075 g P in the heated and 0.0083 g P in the drought plots at the final
samplingg date (Fig. 3.4d). This decline was significantly less in the drought as in the
controll plots. In the control plots total amount of P showed a maximum at 17 July
2002,, after which it decreased significantly. This decrease indicated a period of net P
mineralizationn as was also observed with total P expressed as concentration (Fig.
3.4c).. The period of net P mineralization coincided with the period of net N
mineralization.. A tendency towards net P and N mineralization was also found in
thee heated plots, but was completely absent in the drought plots.
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Figuree 3.4 Total (a) C, (b) N, (c) P concentrations (g kg ') and (d) absolute amount of N and P
(gram)) in the control, heated and drought plots. Significant treatment effect at one sampling
datee is indicated by + P< 0.05 for the heated plots and * P< 0.05 for the drought plots. Error
barss indicate standard deviation (n=9).
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Thee N-NOt concentration in all litterbags was very low: the majority of the samples
(>70%)) had N-NOi concentrations below the detection limit (< 1.98 mg N kg '). In
thee samples that had measurable concentrations no significant differences between
plotss or sampling dates were observed (data not shown). The N-NHV concentration
onlyy increased in the control and heated plots during the first two incubation period
fromm 0.024
) to 0.101
) g N kg ' in the control and heated plots (data
nott shown). This corresponds to 0.48 mg N k g ' d a y ' , which is 10% of N
mineralizationn rate in the organic layer (Emmett et al., 2004).
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Att 24 Feb. 2003 the N-NH-r concentration had declined significantly in the control
plotss and for the remainder of the experiment N-NH^ concentrations in the
litterbagss remained constant and no significant differences between the treatments
wass found.
Negligiblee amounts of P were present as available inorganic P (Pi) in relation to P
thatt is immobilized in the microbial biomass (data not shown), 1.5 to 5.1% of total P
wass present as P.. While 52% (at 17 July 2002) and 86% (at 28 Oct. 2003) of total P
wass immobilized in microbial biomass. From the start of the incubation there was a
slightt increase in Pi, although it was not affected by the treatments and P.
concentrationn did not change during the remainder of the experiment, except at 28
Oct.. 2003, when Pi had decreased significantly in the control and heated plots.

Discussion n
Decompositionn is often described by a two phase model: a rapid initial loss of the
labilee fraction (sugars, starches, proteins), followed by a slower mass loss of the more
resistantt fraction (Hunt, 1977). These two phases could also be identified in our
experimentt as in all plots rate of mass loss during the first year of incubation was
significantlyy higher than during the last half year. The continuous enhanced
temperaturee increased litter decomposition rates temporarily during the first two
incubationn periods (7 Feb. 2002 - 10 April 2002 and 10 April 2002 - 17 July 2002), so
itt seems as if only the more labile, easily decomposable substrates were affected by
thee heating treatment, whereas decomposition of the more resistant pool was not
affected.. This fits within the findings by Liski et al. (1999), who concluded that the
ratee of decomposition responded less to temperature changes the more decomposed
(moree recalcitrant) the material is. The yearly recurring drought decreased litter
decompositionn rate permanently, indicating that both the labile and resistant
fractionn were affected by the treatment. The fractional weight loss constant k was
0.277
) year ' in the drought plots and 0.32
) year ' in the temperature and
controll plots.
Inn the first decomposition period microorganisms immobilized C before N and P in
alll treatments, which resulted in very high microbial C/N ratios (Fig. 3.3). The easily
decomposablee starches and sugars that are decomposed during the initial phase of
litterr decomposition are mainly composed of C, O and H atoms (de Leeuw and
Largeau,, 1993), which could explain the initial gain of C before N and P.
Microbiall biomass C in the heating treatment exceeded microbial biomass C in the
controll during the first two decomposition periods, while during the latter two
periodss they were equal. This shows a parallel with the enhanced decomposition
ratee in the heated plots during the first two periods: increased decomposition rate by
higherr microbial biomass C. Microbial biomass N and P immobilization and
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mineralizationn rates were not affected by the heating treatment. In previously
publishedd work the response of microbial nutrient transformation rates to heating
hass been variable; increased rates have been reported (Rustad et al., 2001; Schmidt et
al.,, 2002; Jonasson et al, 2004), as well as no responses, like in this study (Schmidt et
al.,, 2002; Emmett et al, 2004). A possible explanation for the absence of a response
inn N mineralization and immobilization in this study could be the N saturation of
thee ecosystem. While the absence of response in P mineralization and
immobilizationn could result from the low P availability.
Thee size of the microbial biomass C, N and P was significantly affected by the
droughtt treatment. Microbial biomass C in the drought plots was significantly
higherr than in the control plots throughout the whole experiment. Even at the first
samplingg date (10 April 2002), when the litter had not experienced a drought
treatmentt yet microbial biomass C was higher in the drought plots. A possible
explanationn could be that when we sampled the litterbags at 10 April 2002, the
moisturee content of all the litterbags was extremely low. Weather conditions before
thee sampling date were dry and the litter dried out quickly. It is possible that the
colonizingg microbial community in the drought plots was more adapted to these dry
conditionss (previous drought treatments) and therefore could increase faster. This
wouldd result in a microbial community with a relatively larger contribution of fungi,
becausee fungi are able to extent their hyphae to reach nutrients actively down to
matrixx potentials at which mobility of bacteria is considered negligible (Griffin,
1981a).. The microbial community had a significantly higher C/N ratio in the
droughtt plots as in the control plots at 10 April 2002 and 17 July 2002, which
indicatess that the drought treatment enhanced the fungal dominance of the
colonizingg microorganisms (Killham, 1994).
Att 17 July 2002, during peak drought, microbial C O respiration rate was very low
(Fig.. 3.2). Nevertheless microbial biomass C in the drought plots was still
significantlyy higher as in the control plots. This signifies that microbes were present
inn the litter; however their activity was very low. In contrast to microbial biomass C,
microbiall biomass N and P in the drought plots was considerably smaller (Fig. 3.3).
Thiss delayed N and P immobilization is reflected in a lower total N and P
(concentration)) in the drought plot (Fig. 3.4). Moisture limitation in the drought
plotss probably caused low microbial biomass N and P. Low moisture content has
moree often been found to have a strong effect on microbial biomass N and P (Jensen
ett al., 2003). Several interrelated mechanisms are reported that can cause low
microbiall biomass at low volumetric soil water content: reduced diffusion of soluble
substratess (Griffin, 1981b) and/or reduced microbial mobility and consequent access
too substrate (Griffin, 1981a; Killham et al, 1993). Why microbial biomass C had
increased,, in spite of low moisture content, is unclear. Although Jensen et al. (2003)
alsoo found that summer drought affected microbial biomass N relatively more than
microbiall biomass C.
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Att 24 Feb. 2003, 7 months after the end of the first drought treatment, microbial
activityy had fully recovered, as indicated by the increased CO2 respiration rate (Fig.
3.2).. Microbial biomass C, N and P was even higher in the drought plots than in the
controll plots. By the drying and rewetting process new substrate may become
availablee by aggregate disruption, litter fragmentation and substrate desorption and
redistributionn of water, oxygen, substrate and microorganisms (Lund and Goksoyr,
1980;; Sommers et al., 1981; Kieft et al, 1987; Van Gestel et al., 1993a,b). It is likely
thatt microorganisms could increase their growth and activity because of this new
availablee substrate and therefore microbial biomass increased. Although microbial
biomasss C and N is higher in the drought plots at 24 Feb. 2003 and 29 Oct. 2003, the
C/NN ratio of the microbial population was the same for all treatments (Fig. 3.3),
demonstratingg that drought and temperature treatment did not affect the
compositionn of the microbial population during the latter periods of decomposition.
Thee C/N ratios varied between 6 and 8, suggesting that the microbial community in
thiss stage was dominated by bacteria (Ross and Sparling, 1993; Killham, 1994).
Totall N concentration increased from 7 Feb. 2002 to 28 Oct. 2003 in all plots. This
responsee for N was also found by Tietema (1993) for a litterbag experiment with oak
leaves.. It signifies a relative slower release of nitrogen compared to carbon, which
cann be attributed to a relatively large part of nitrogen being bound in slowly
decomposingg compared to faster decomposing compounds, the importance of N
immobilizationn into microbial biomass and/or the high atmospheric N deposition at
thee site. Total N concentration in the litterbags in the control plots increased by 4.79
gg kg ] between 7 Feb. 2002 and 28 Oct. 2003. Microbial N immobilization accounted
forr 1.5 g kg_1 of this increase and atmospheric N deposition accounted for 2.51 to
2.811 g N (kg litter in litterbag) ' (N deposition of 20 to 25 kg N ha ' yr ' corresponds
too 0.028 - 0.035 g N litterbag ' (average litterbag contents was 0.0124 kg)). This
meanss that microbial N immobilization, atmospheric N deposition as well as more C
thann N loss from the litterbags must have played a role in the increase in total N
concentration.. As atmospheric P deposition was very low (Schmidt et al., 2004),
totall P concentration could increase due to relative more C than P loss and microbial
PP immobilization (also from outside the litterbag). Considering the high percentage
off total P concentration that was immobilized in microbial biomass (81% - 88%),
microbiall P immobilization was an important factor causing increased P
concentrationn in the litterbags.
AA period of net N and P mineralization was found in the control plots from 17 July
20022 to 24 Feb. 2003 (Fig. 3.4d). The heated plots demonstrated this same trend
althoughh the dynamics were reduced. The net N and P mineralization period was
nott observed in the drought plots, because it was prevented by the changed
microbiall dynamics. The drought treatment shifted N and P immobilization, which
occurredd between 10 April 2002 to 17 July 2002 in the control and heated plots, to
thee next incubation period from 17 July 2002 to 24 Feb. 2003. In this period N and P
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wass mineralized in the control plots. However, in the drought plots, the ongoing N
andd P immobilization of the microbial biomass prevented this mineralization phase.
Ass a consequence of this delayed microbial N and P immobilization net N and P loss
fromm the litter was reduced in the drought plots. The reduced net N and P loss from
thee litter was accompanied by an increased microbial biomass N and P at 28 Oct.
2003. .
Conclusions s
Litterr decomposition was only temporarily enhanced in response to the heating
treatment,, which was accompanied by an increased microbial biomass C. However
NN and P immobilization and mineralization were not affected. The drought
treatmentss retarded litter decomposition and delayed microbial N and P
immobilization,, which resulted in decreased N and P mineralization. This decrease
inn P mineralization could have a negative effect on plant growth in this P poor
ecosystem. .
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Thee effect of repeated summer droughts on plant growth and microbial
biomasss at a P limited heathland ecosystem'

Abstract t
InIn this study the effect of repeated summer droughts on plant growth and microbial
dynamicsdynamics at a phosphorus (P) poor Dutch heathland ecosystem was investigated
withh a long term field scale experiment. The manipulation involved the removal of
precipitationn during two months in summer. The dominating dwarf shrub Calluna
vulgarisvulgaris (L.) Hull, was directly and indirectly affected by the repeated summer
droughtt treatments. Direct effects were a reduced ability to recover from a heather
beetlee attack a decreased elongation of the main shoots during a drought and a
decreasedd amount of buds that developed to flowers. An indirect effect was a
reductionn in foliar P and nitrogen (N) concentration, which indicated a reduced P
andd N uptake from the soil. During peak drought, the size of the microbial biomass P
inn litterbags was reduced with 79%. This microbial induced P flush comprised 65%
off yearly plant P uptake. Plants could however not benefit from the P flush as was
indicatedd by the reduced foliar P concentrations, which suggests that C. vulgaris was
aa weak competitor for nutrients.

Withh A. Tietema, submitted to Global Change Biology
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Introduction n
Temperaturee and water are the main factors controlling many biological processes.
Inn contrast to the relatively robust literature on the response of individual ecological
processess and ecosystem functioning to increasing temperature and increased CO2
concentrationss (for reviews see e.g. Arft et al., 1999; Dormann et al., 2002; Rustad et
al.,, 2001), relatively less attention has been paid to the effect of changes in
precipitationn as a result of climate change. Although changes in precipitation are
moree difficult to forecast and there is a large variation among regions, many models
predictt increased summer drought for central European regions (Houghton et al.,
2001). .
Plantss are both directly and indirectly affected by summer drought. Direct effects of
droughtt on plants reported include a reduction in total aboveground biomass at a
Spanishh shrubland (Penuelas et a l , 2004), a reduction in plant net photosynthetic
andd transpiration rate in a variety of shrubland ecosystems from North to Southern
Europee (Llorens et al., 2004), a reduced plant carbon (C) allocation from the roots to
thee soil compartment (Gorissen et al., 2004) and a decline in plant seedling diversity
(Llorett et al., 2004). Plant growth is however also indirectly affected by drought
throughh changes in soil nutrient diffusion to the roots (Chapin, 1980) and changes in
nutrientt availability through changes in microbial dynamics and mineralization of
nutrientss (Kieft et al., 1987; van Gestel et a l , 1991; Grierson et al., 1998; Pulleman
andd Tietema, 1999). For example, more severe drying and rewetting cycles could
inducee microbial cell lyses (Grierson et al., 1998; Turner et al., 2003) and release
importantt nutrients as phosphorus (P) and nitrogen (N). Ecosystems that are adapted
too low nutrient availability could be vulnerable to these changes in nutrient
availabilityy (Jonasson et al., 1999).
Manyy heathland ecosystems in the Netherlands have highly weathered acid sandy
soilss with low inorganic P availability (van Vuuren et al., 1992; Diemont, 1996). The
evergreenn shrub Calluna vulgaris (L.) Hull., that dominates these heathland
ecosystems,, is adapted to this low P availability and plant P demand is mostly met by
PP resorption from senescing leaves (Aerts, 1996) and uptake of mineralized P by
organicc matter decomposition. At the Dutch heathland 'Oldebroekse heide'
microbiall biomass has been found to comprise about 50 to 90% of the total P found
inn decomposing fresh litter in a litterbag (chapter 3). This suggests that small
changess in microbial dynamics can lead to significant changes in plant-available soil
nutrientt pools (Jonasson et al., 1999). Especially the litter layer is subjected to more
intensee drying and rewetting cycles as the soil beneath, because of its airy porous
structuree and exposure to sunlight and wind (Schaap et al., 1997).
Inn this study the response of both plants and microbial biomass dynamics to repeated
reducedd moisture conditions in summer was studied during a long term field
experimentt at a P poor heathland ecosystem.
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Materialss and methods
SiteSite description
Thee site is located at the 'Oldebroekse heide' near 't Harde in Netherlands (52°24' N,
5°55'' E) and is dominated (95%) by the evergreen woody dwarf shrub C. vulgaris.
Thee soil is a nutrient-poor, well-drained, acid Haplic Podzol (FAO, 1998), with a
mormoderr humus form (Green et al., 1993) and a pH of 3.7-3.8 throughout the first
166 cm of the profile. The site experiences high N deposition (20-25 kg N ha ! yr 1 )
andd further details on the site and soil are presented in table 4.1 and 4.2.
ExperimentalExperimental drought
Thee experimental design consisted of three drought plots and three control plots of
200 m2 (5 x 4m). Around each plot, a light scaffolding structure was built of
galvanizedd steel tubes covered by thin plastic sleeves to prevent contaminants
leachingg into the plot. In the drought plots, this frame supported a retractable,
transparentt polyethylene plastic curtain. A tipping bucket rain sensor activated the
motorr to extend this cover over the plots once rain was detected and to retract the
coverr when the rain stopped. Further details on the method can be found in Beier et
al.. (2004). Monitoring started in December 1998 (pre-treatment) and the drought
treatmentss started in May 1999. The two-month summer drought treatment reduced
precipitationn in the growing season (May to September) with 45% compared to
controll in 1999, 51% in 2000, 43% in 2001, 43% in 2002, 70% in 2003 and 42% in
2004. .
Tablee 4.1 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 C (g C m 2)
Soill type
Humuss form
Organicc layer
depthh (cm)
pH H
CTN(gg') )
organicc matter (g kg ')
bulkk density (g cm ^)
Organicc rich mineral horizon
depthh (cm)
pH H
organicc matter (g kg ')
bulkk density (g cm 3)

52"24'' N, 5°55' E
25 5
10.1 1
1042 2
20-25 5
CallunaCalluna \rulgaris
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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Tablee 4.2 Soil characteristics at 'Oldebroekse heide'.
horizon n

depthh (cm)

pH™ ™

LFH H
AE/Bhs s
BC C
2Bhs s

++ 4 - 0
0 -- 16
16-30 0
30-44 4

3.7 7
3.8 8
4.5 5
4.9 9

bulkk density
(gg cm 3 )
0.11 1
1.69 9
1.67 7
1.69 9

P«.err «.,

(gkg') )
0.0148 8
0.0002 2
3.00 10 s
3.0.100 s

(gm 2 ) )
0.07 7
0.05 5
7.00 10 3
7.11 10 3

organicc C
(gkg 1 ) )
487.83 3
13.86 6
2.74 4
0.72 2

organicc N
(gkg 1 ) )
18.77 7
0.59 9
0.13 3
0.07 7

PlantPlant response
Plantt response to the drought treatments was measured by the pinpoint method
(Jonasson,, 1988). These pinpoint measurements were conducted annually in August
sincee 1998. A sharpened pin was lowered through the vegetation at a number of
points.. Each plant-hit with the pin was counted and the plant species, plant part for
C.C. vulgaris (current year shoots, stems and flowers, old shoots and stems) as well as
thee height of the highest hit for each plant part was recorded. Per plot 320
measurementt points were used. These points were arranged at 5 cm intervals along
fourr 4 m long transect lines each of 80 points within each plot. The pinpoint
measurementss were recalculated to absolute biomass using the calibration curve
presentedd by Riis-Nielsen (1997).
Additionally,, in the growing season of 2002, plant phenology was measured on 5
individuall plants per plot. Plants with similar characteristics like height, stem
diameterr and coverage area were selected. On each plant two branches were
selectedd and on each branch, one main shoot was marked. The length (cm) and basal
diameterr (cm) of the branches and main shoots was measured respectively with a
rulerr and a digital caliper. Furthermore the amount of current year shoots, buds and
flowerss on the main shoot was counted. These measurements were performed
weeklyy in the period from 21 May to 21 June (pre-drought treatment) and 21 June to
166 August (during drought treatment) and every 10 days from 16 August to 16
Septemberr (post-drought treatment).
Plantt litter production was monitored from 21 April 2003 until 21 April 2004 with
sixx litterfall collectors per plot (area 78.5 cm2 collector'). The litterfall collectors
weree placed randomly in different areas beneath the C. vulgaris plants. The
collectorss had four openings in the bottom, covered by a fine mesh (1mm) to ensure
drainage.. Litter collectors were emptied every six weeks and their contents was
weighedd and bulked per plot over the year.
C.C. vulgaris chemistry was determined by sampling three upper canopy branches (= 9
cmm in length) per plot in July-August and separating them in current year leaves,
flowerss and stems. Sampling was performed from 1998 to 2003. Chemistry of flowers
andd stems was not determined in 1999 and 2000.
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Tablee 4.3 Initial chemical composition of bulked litter. Total C, N, P, K, Ca, Mn in g kg ' ,
initiall C/N and N/P (g g_1) ratio and lignin and cellulose (g kg ').

cc

NN

PP

Ca a

Mn n

C/NN ratio

N/PP ratio

lignin n

Cellulose e

543 3

11.81 1

0.61 1

3.53 3

0.20 0

46 6

19 9

563 3

393 3

MicrobialMicrobial biomass dynamics
Microbiall biomass dynamics was measured in litterbags incubated in the field at 7
Feb.. 2002. Litterbags were filled with fresh C. vulgaris litter, collected by gently
shakingg the shrubs in the heath outside the plots in autumn 2001. The incubated
litterr consisted of 56% flowers, 27% shoots and 4% branches (on a mass basis); the
remainderr consisted of small unidentifiable particles. Chemical composition of the
bulkedd litter is summarized in table 4.3. An amount of 5.00 grams of the air-dried
litterr was placed in 9.0 cm * 9.0 cm bags with a mesh size of 1 mm. Litterbags were
placedd beneath C. vulgaris plants at three different areas within the three control
andd three drought plots. Per treatment 27 replicate litterbags were collected on 17
Julyy 2002 (at peak drought), 24 Feb. 2003, 28 Oct. 2003 and 28 July 2004 (at peak
drought).. On 28 July 2004 the litterbags had experienced three summer drought
periods:: in 2002, 2003 and 2004.
ChemicalChemical analyses
Perr treatment 27 litterbags were collected, except on 28 July 2004 when only 13
litterbagss per treatment could be retrieved. All ingrown mosses were removed from
thee litterbags and dry contents of each of the litterbags was determined. Three
litterbagss (two litterbags on 28 July 2004) from the same incubation area within one
plott were pooled, to be able to do all necessary chemical analyses. The pooled litter
wass split into several sub samples for further analysis. Microbial biomass C and N
wass determined by fumigating a moist sample corresponding to 1.5 g dry weight for
244 h with ethanol free CHCls , then extracted with 50.0 ml 0.5M K2SO4 (for 1 h)
(Brookess et al., 1985; Vance et al., 1987). At the same time a non-fumigated sub
samplee was also extracted with 0.5M K2SO4. Extractions were analyzed for DOC,
totall N, N-NH4+, N-NO2 and N-NO3 on a Skalar continuous flow auto-analyzer, so
DONN concentrations could be calculated. Microbial biomass C was estimated as the
differencee between the DOC concentration of the fumigated and unfumigated
extracts.. Microbial biomass N was estimated as the difference between the summed
DON,, N-NH4% N-NO2 and N-NO3 concentration of the fumigated and unfumigated
extracts.. An extractability of 0.45 was assumed when calculating the microbial C and
NN (Wu et a l , 1990).
Inorganicc P (Pi) was analyzed by shaking a moist subsample corresponding with 0.5
gramss of dry litter with 50.0 ml 0.5 M NaHC03 (pH 8.5 for 30 minutes) (Olsen et al.,
1954).. The resulting solution was filtered and solution P concentrations were

65 5

determinedd colorimetrically by the ammonium molybdate ascorbic acid method as
describedd by Murphy and Riley (1962). Soil microbial biomass P was determined by
thee fumigation extraction method as described by Brookes et al. (1982). A moist
subsamplee corresponding to 0.5 g dry litter was fumigated for 24 h with ethanol free
CHClss and extracted with 50.0 ml 0.5 M N a H C 0 3 (pH 8.5). In the extract the
solutionn P concentration was also determined colorimetrically by the ammonium
molybdatee ascorbic acid method. Microbial biomass P was calculated as the
differencee between solution P concentration of the fumigated and unfumigated
extract.. An extractability of 0.40 for P was assumed (Brookes et al., 1982).
Totall C and N of the senesced litter, C. vulgaris leaves, flowers and stems and the
contentss of the litterbags was analyzed by a CNS analyzer (Vario EL analyzer,
Elementar)) and total P was measured on an ICP-OES (Optima 3000XL, Perkin
Elmer)) after a HNOs + HC1 digestion (4.0 ml HNCh 65%, 1.0 ml HC1 37% and 1.0 ml
H2O)) in a microwave oven (Multiwave, Anton Paar).
StatisticalStatistical analyses
Dataa was tested for homogeneity of variance using Levene's homogeneity of
variancee test (Levene, 1960). On the data obtained from the litterbag incubation
two-wayy analysis of variance was performed with treatment and time (day/date) as
factors.. For each treatment separately a post hoc multiple comparisons test was used
too test which means differed, using Turkey's honestly significant difference tests in
casee of equal variances and a Tamhane's T2 test in case of unequal variances.
Differencess between treatments on each day were tested by an independent samples
t-test.. The pinpoint data and the data on the quantity of buds, flowers and shoots
weree analyzed with a one-sided permutation test with the complete enumeration
methodd (Manly, 1997). The effect of the treatment on C. vulgaris leaves, flowers and
stemss P and N concentration and the length of the main shoot and branches for each
yearr or date were tested by an independent samples t-test. The effect of treatment
onn litter production chemistry was tested with a one-way analysis of variance test.
Differencess in means were called significant when P < 0.05. The ANOVA's were
performedd with the SPSS General Linear Model procedure (SPSS Inc., 2001) using
typee III sums of squares and the independent samples t-tests and permutation tests
weree performed with SPSS's Compare Means procedure. Data are reported as means
standard deviation.

Results s
PlantPlant response
Thee calculated biomass from the mean maximum height of any living C. vulgaris
partt showed that at the start of the experiment in 1998 the biomass was significantly
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higherr in the drought plots (Fig. 4.1). In summer 1999 the plants were damaged as a
resultt of a severe heather beetle {Lochmaea suturalis) attack, which was reflected by
thee decreased plant biomass. The following year the C. \rulgaris plants were
recoveringg from the attack and their biomass increased, resulting in an equal plant
biomasss in the control and drought plots in 2000 and 2001. In 2002 a trend towards
aa lower plant biomass in the drought plots was found (P = 0.178). So the repeated
droughtss started to have a negative effect on plant production in the years between
19999 and 2002, during the recovery from the heather beetle attack. In 2003 plant
biomasss had declined in both treatments, probably as a result of the extreme dry
springg and summer of that year.

Figuree 4.1 Biomass of C. vulgaris in g m 2 from 1998 (pre-treatment) to 2003 for the control
andd drought treatments. Error bars indicate standard deviation of the three replicate plots.
** P< 0.05 and # P< 0.1 in the one-sided permutation test comparing treatment and control.
ss control plots;
o— biomass drought plots
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Thee initial length of the main shoot was significantly higher in the drought plots
(Tablee 4.4). The length of the branch and the main shoot increased in both
treatments,, although the percentage increase (of initial) in length of the main shoot
onn 16 Sept. 2002 was significantly smaller in the drought plots (Table 4.4). On 16
Sept.. 2002 the diameter of the branch had increased in both treatments, while the
diameterr of the main shoots had decreased in both treatments.
Thee average quantity of buds (Fig. 4.2a) was significantly higher in the drought
plots,, while the average amount of small flowers and flowers was equal for both
treatmentss (Fig. 4.2a). The average amount of buds counted at the main shoots in the
controll plots was 46 and the average amount of flowers counted was 53, so all buds
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Tablee 4.4 Average length (cm) and basal diameter (cm) of (a) the main shoots and (b)
branchess on 21 May 2002 (initial) and 16 Sept. 2002 (end) and the average percentage
increasee from 21 May 2002 and 16 Sept. 2002 in length and diameter of the branches and
mainn shoots with respect to initial length and diameter in the control and drought plots.
Dataa represents the mean of the tree replicate plots, significant differences between plots are
indicatedd by different letters.
end d
initial l
%increase
%
e
(a)) main shoot
control l
drought t
control l
drought t
control l drought t
lengthh (cm)
351 b b
5.49 9
518= =
1.06" "
1.68b b
5.90 0
diameterr (cm)
84 4
0.68 8
0.51 1
0.57 7
75 5
0.68 8
(b)) branch
lengthh (cm)
diameterr (cm)

initial l
control l
drought t
3.53 3
0.73 3

3.58 8
0.79 9

control l
7.86 6
0.98 8

e
%increase
%

end d
drought t

control l

8.20 0
0.96 6

223 3
134 4

drought t
229 9
122 2

Figuree 4.2 Average amount of C. vulgaris buds, small flowers and flowers (a) and current
yearr shoots (b) in the control and drought plots from 21 May 2002 to 16 Sept. 2002. Error
barss indicate standard deviations of the 3 replicate plots. * P < 0.05 in the one-sided
permutationn test comparing treatment and control, (a)
— buds control;
o — buds
drought;; — T — small flowers control; — V — small flowers drought;
— flowers
control;; --- D — flowers drought;
drought period; (b)
— current year shoots
control;;
0— current year shoots drought;
drought period
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blossomedd and after the maximum even more new buds developed, while in the
droughtt plots on average 65 buds developed and only 60 buds matured to flowers
Thee average amount of current year shoots was significantly higher in the drought
plotss from 18 June 2002 onwards (Fig. 4.2b), The average total amount of litterfall in
thee control plots from 21 April 2003 until 21 April 2004 was 180
) g m 2 , which
wass significantly higher than litterfall in the drought plots: 128
) g m 2. Drought
treatmentt significantly reduced foliar P and N concentration since the year 2000,
whichh resulted in a significant increase in foliar C/P and C/N ratios (Table 4.5).
Beforee the start of the treatments flower P and N concentration in the drought plots
wass respectively weakly significantly and significantly higher than in the control
plotss (Table 4.5). However in 2001 and 2002 flower P and N concentration tended to
bee less in the drought as in the control, resulting in increased C/P and C/N ratios,
althoughh the effect was absent in 2003.
Stemm P and N concentration was higher in the control plots in 1998, 2001 and 2003
(Tablee 4.5), which resulted in increased stem C/P and C/N ratios in 2003.
Summarizing:: in general drought reduced foliar, flower and stem P and N
concentration,, which resulted in increased C/P and C/N ratios, although the effect of
droughtt on foliar P and N was more significant and consistent in time.

Tablee 4.5 C. vulgaris leaves, flowers and stems P and N concentration (g kg ') and
C/PP (g g_1) and C/N (g g') ratio, nd: not determined. Shaded areas indicate significant
differencess between the control and drought treatment. * P< 0.05 and * P< 0.1 (n=3).
2ÖÖ3~
988
99
2ÖÖÖ ~~ 2ÖÖÏ
2002
C CD D
C C D D
C C D D
C C D D
C C D D
C C D D
Leaves s

P P
N N
C/P P
C/N N

0.62 2 0.63 3 0.60 0 0.63 3 0.75 5 0.55' ' 0.67 7 0.61' '0.72 2 0.58' '0.74 4 0.61' '
13.94 413.51 1 14.26 64.03 3 15.89 913.52' ' 12.99 911.37' ' 14.05 511.77' ' 14.77 7 13.51' '
843 3 826 6881 1 839* * 686 6 945' ' 786 6 877' ' 734 4 908' ' 713 3 870' '

38 8

38 837 7

38 833 3

39' '41 1

47' '37 7

45' '35 5

39' '

Flowers s

P P
N N
C/P P
C/N N

0.71 1 0.80* * nd d
11.20 0 12.41' 'nd d
762 2 678* * nd d

48 8

43' 'nd d

nd
nd
nd
nd

d nd
d nd
d nd
d nd

d nd d 0.93 3 0.87*
d nd d 11.29 910.88'
d nd d 575 5 616*
d nd d 47 7 49'

nd
nd
nd
nd

dnd
dnd
dnd
dnd

d
d
d
d

0.75 5
*0.84 4 0.80* *0.74 4
' 10.59 910.21 1 10.87 7 10.81 1
719 9
* 632 2 667' ' 719 9

'50 0

53' '49 9

49 9

Stems s

P P
N N
C/P P
C/N N

0.40 0 0.38' 'nd d
7.44 4 7.15» » nd d
1280 0 1375' ' nd d
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72' 'nd d

nd
nd
nd
nd

d0.42 2 0.34' '0.37 7 0.39 9 0.41 1 0.35' '
d6.62 2 6.28 8 6.22 2 6.20 0 6.82 2 6.26* *
d1260 0 1515' ' 1418 8 1349 9 1240 0 1484' '
d78 8
82 283 3
84 476 6
83' '
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MicrobialMicrobial biomass dynamics
Thee size of the microbial biomass C, N and P in the litterbags was significantly
affectedd by the drought treatments (Fig. 4.3). Microbial biomass C was significantly
higherr in the drought plots throughout the whole experiment, except on the final
samplingg date (28 July 2004). On this date, during peak drought, the size of the
microbiall biomass C in the drought plots had declined with 23% compared to
control.. Microbial biomass N dynamics showed a similar trend as microbial biomass
CC dynamics, with the only difference on the second sampling date (17 July 2002:
duringg peak drought), when microbial biomass N was significantly smaller in the
droughtt plots than in the control plots (Fig. 4.3b). Microbial biomass P was higher in
thee drought treatment as well, except on the second sampling date (17 July 2002),
likee microbial N, and on the final sampling date (Fig. 4.3c). The relative decrease in
microbiall biomass on the final sampling date was much stronger for P (79%
reduction)) as for N and C (23% reduction).
Totall C concentration in the litterbags in the control and drought plots decreased
graduallyy with 7% during incubation and no significant differences between the
plotss in total C concentration were found (Fig. 4.3a). Microbial biomass C comprised
betweenn 0.3 to 3.3% of total C and was higher in the drought than in the control
plots.. Total N concentrations in the litterbags increased in all plots with on average
46%% from 12 g kg ' to 17 g kg l and microbial biomass N concentration amounted to
0.55 to 12.6% of total N (Fig. 4.3b). In general the absolute amount of N decreased for
bothh treatments (Fig. 4.4). In the control plots the absolute amount of N increased
slightlyy between 10 April 2002 and 17 July 2002, followed by a significant decrease,
indicatingg a period of net N mineralization. This period of net N mineralization did
nott occur in the drought plots, where total N decreased more gradually. In general
totall P concentration in the litterbags increased in both the control and drought
plots,, although the increase in the control plots was more rapid and followed by a
significantt decrease, while total P in the drought plot increased gradually (Fig. 4.3c).
Thee absolute amount of P decreased in both treatments, although in the period from
177 July 2002 to 24 Feb. 2003 the P mineralization rate was higher in the control
plotss (Fig. 4.4). The amount of P that was immobilized by the microbial biomass
increasedd from 12% to 79% of total P.
Thee decline in microbial biomass C, N and P on the final sampling date (during peak
drought)) was not reflected in the total C, N and P. This means that the lysed C, N
andd P was still present in the samples. The P that was lysed from the microbial
biomasss was partly present as inorganic P (Fig. 4.5). The increase in inorganic P in
thee drought plots on the final sampling date compared to the control was 7% of the
PP lysed from microbial biomass. The inorganic P concentration on 28 Oct. 2003 was
significantlyy higher in the drought plots as well.
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Figuree 4.3 (a) Total C and microbial biomass C (b) total N and microbial N (c) total P and
microbiall P in the control and drought plots in g kg '. Error bars indicate standard
deviationss (n = 9, except on day 902 n = 4). * P < 0.05 in the independent samples t-test to
testt differences between treatments on one day.
— total C, N or P control; — o — total
C,, N or P drought;
— microbial C, N or P control; --- D — microbial C, N or P drought;
droughtt period

timee (days / date)

timee (days I date)
1.0--

.(c) )
0.8--

7—-ii

l/f—-l/f—-

SS

0.6-i
**

BO O

ii

4_

7" y~~^

u_ u_
//

0.2 2

ii

0.0 0
00 62 160

382 2

33
628 8

DO? ?

05 5

timee (day?11 date)

71 1

Figuree 4.4 Total N and P content in the litterbags in the control and drought plots in gram.
Errorr bars indicate standard deviations (n = 9, except on day 902 n = 4). * P < 0.05 in the
independentt samples t-test to test differences between treatments on one day. The y-axis is
composedd of two segments with different scales.
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Figuree 4.5 Inorganic P (Pi) concentration in the control and drought plots in g kg"1. Error
barss indicate standard deviations (n = 9, except on day 902 n = 4). * P < 0.05 in the
independentt samples t-test to test differences between treatments on one day.
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Discussion n

EffectEffect of summer drought on plant response
Thee pinpoint method and the phenological measurements proved to be a valuable
combinationn to asses plant response to the drought treatments. The pinpoint
measurementss enabled us to yearly monitor plant response to repeated moisture
stresss in summer, whereas the phenological measurements provided insight into
plantt response to an increasing moisture stress during the growing season.
Ass a result of the repeated summer droughts plants showed a decreased ability to
recoverr from the heather beetle attack in 1999. This is shown by the transition of a
higherr plant biomass in the drought plot before the start of the treatments to a trend
towardss a lower biomass at the end of the experiment. The dry conditions increased
plantt water use efficiency (more positive foliar 613C values: data not shown) and
forcedd plants to close their stomata to control transpiration, causing an
accompanyingg reduction in photosynthesis (Llorens et al, 2004) and nutrient uptake
byy roots, which is under soil water control (Chapin, 1980). This would lead to
decreasedd plant productivity in the drought plots (Penuelas et al., 2004). The
percentagee increase in main shoot length in the drought treatments was significantly
lesss than in the control plots. Decreased leaf elongation is a common phenomenon
foundd among all sons of plant types at decreasing soil water potentials (Belaygue et
al,, 1996; Tardieu et al., 2000; Left et al., 2004). The declined shoot elongation was in
consonancee with the trend towards a lower plant biomass in the drought plots, as
plantt biomass was obtained by the pinpoint analysis based on maximum plant
height. .
AA lower percentage of buds developed to flowers in the drought treatment, resulting
inn an equal amount of flowers for both treatments, which was in agreement with the
pinpointt results. The higher initial main shoot length before the start of the drought
treatmentt in 2002 and the higher amount of buds and shoots that developed during
thee drought treatment seemed a contradiction to the trend towards a decreased
annuall production of the plants. This apparent contradiction revealed the strength
off the combination of the pinpoint measurements after the drought treatment and
thee phenological measurements before, during and after the drought treatment.
Afterr the drought treatment soil moisture content increased (Beier et al, 2004) and
plantss could recover and store nutrients for the development of new tissue next
springg (Chapin, 1980). However during the drought treatment the following year,
stemm and shoot elongation is inhibited because of increasing moisture stress. This
resultedd in equal (trend towards decreased) plant biomass in the drought and control
plotss at the moment of pinpointing (after the drought treatment).
Bothh foliar P and N concentration were significantly reduced in response to the
droughtt treatment. N deposition has exceeded critical loads of 15-20 kg N ha"1 year '
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forr half a century (Heil and Bobbink, 1993) and N leaching is high at the site
(Schmidtt et al., 2004). Therefore, the reduced moisture content probably caused
decreasedd N uptake (Chapin, 1980), resulting in moisture-stress induced nutrient
limitationn (Pan and Hopkins, 1991). Because plant chemistry was only determined
oncee a year after the drought it is not known to what extent the P and N uptake was
limitedd throughout the year. With respect to P, the low P availability in soil (Table
4.2)) and decreased P mineralization in response to drought, might result in a
continuingg decreased plant P uptake. Whereas N could be easily absorbed by the
rootss after the increase in soil moisture content and therefore decreased plant N
uptakee was probably temporal.
EffectEffect of summer drought on microbial biomass
Duringg the first half year of litter incubation microbial biomass P and N build-up
wass significantly retarded by a drought treatment. On 24 Feb. 2003, microbial
biomasss P and N had completely recovered. The ongoing P immobilization by the
microorganismss in the drought plots during this first year of incubation prevented a
nett P mineralization phase like in the control plots, which resulted in a decreased
nett P loss from the litter. The amount of P that was mineralized in this phase is
smalll compared to the P that was lysed by microbial cell death during peak drought
onn 28 July 2004. This lysed amount of P is in principle available for plant uptake.
Bacteriall cell death can occur both during drying and rehydration (Turner et al.,
2003).. However, cell lysis is more likely to be induced by the osmotic shock upon
thee rapid rewetting of the desiccated cells than by soil drying per se (Salema et al.,
1982).. The chloroform fumigation-extraction method we used in determining the
microbiall biomass in the litter also imposed the microbial biomass to a rapid
rewettingg upon extraction after gradual, but severe drying. Therefore, whether
microbiall death or lysis occurred upon severe drying, rapid rewetting or both
remainss unclear. On 28 July 2004, during peak drought, P is lysed in relative greater
quantitiess (79%) than C or N (23%). The percentage microbial C was in agreement
withh results reported by van Gestel et al. (1991) and Pulleman and Tietema (1999),
whoo found a decrease of 26-30% and 26% respectively in microbial biomass C upon
drying.. In addition, Turner et al. (2003) found that 88% of P released after rewetting
off moist soil was caused by lysed bacterial cells.
Duringg the incubation period, the litterbags in the control plots have experienced
numerouss natural minor or more severe drying and rewetting cycles. The effect of
thesee cycles is reflected in the state of the microbial biomass in the control plots.
Thee result of these natural drying and rewetting cycles and two extreme summer
droughtss is reflected in the microbial biomass P on 28 Oct. 2003. On this date the
sizee of the microbial biomass P was equal to 24 Feb. 2003, although it had
experiencedd a drought treatment in summer 2003. During this drought treatment,
microbiall biomass C, N and P probably declined in the same way as it declined in
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summerr 2004. When we collected the litterbags on 28 Oct. 2003 the microbial
biomasss had fully recovered from the drought, with even a higher microbial biomass
NN and P in the drought plots as in the control plots. This means that microbial
biomasss had been a successful competitor as compared to plants for the P that was
lysedd from the microbial cells during drought or microorganisms and plants each got
aa share of the lysed P but microorganism immobilized mineralized P from senesced
litterr on top of the litterbag. It is unclear to what extent plant roots entered the
litterbags.. C. vulgaris roots are able to enter the 1 mm mesh of the litterbags as this
meshh size is also used for C. vulgaris root ingrowth studies (Gorissen, pers. comm.).
Veryy few plant roots were found in the litterbags, but very fine roots are difficult to
observee without a microscope (Gorissen, pers. comm.). Although it was clear that
thee litterbags were not as densely rooted as the organic layer outside the litterbags.

Figuree 4.6 Schematic representation of important P fluxes between plants and
microorganismss in the control and drought treatment in mg P m 2 year '. (1) P input through
litterfall;; (2) P input through root turnover; (3) microbial P input through microbial death
orr lysing in the LFH horizon; (4) P uptake by plants. In the drought treatment flux (3) is
givenn in gray, because its size is based on one drought instead of per year and in flux (4) 0 <
x>l. .
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IntegrationIntegration of plant and microbial response
Thee amount of P lysed from microbial biomass on 28 July 2004, would result in a P
flushh after rewetting of approximately 570 mg kg ' (Fig. 4.5). This P flush might
benefitt the plants, because P could be taken up and stored in perennial organs and
usedd for next years new tissue production (Chapin, 1980). The higher pre-drought
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mainn shoot length and buds and shoot production during the drought (Table 4.4; Fig.
4.2),, could have been the result of this. However a trend towards decreased plant
biomasss and reduced foliar P and N concentrations was observed as a result of the
droughtt treatments, so it seemed that in general plants were negatively affected by
thee drought. Obviously, the flush in microbial derived P after rewetting did not
benefitt the plants. An estimate of the size of the P flush after rewetting in relation to
yearlyy plant P uptake was made. We assumed that plant growth had reached a
steadyy state. In this case there is no net growth and plant P uptake equals plant P
losss through litterfall and root turnover. Measured annual average litterfall from 21
Aprill 2003 to 21 April 2004 in the control plots was 0.180 kg m 2 y r ' and in the
droughtt plots 0.128 kg m 2 yr '. The P concentration of this litter was 711 mg kg ' (no
significantt differences between the treatments were found), which results in 128 mg
PP m 2 yr ' in the control plots and 91 mg P m 2 y r ' in the drought plots (Fig. 4.6 (flux
1)).. Net P root input for a seven year old C. vulgaris heath with comparable biomass
(i.e.. 800-900 g m 2) (Aerts, 1989) was 50 mg P m 2 y r ' (Fig. 4.6 (flux 2)) (Aerts et
al.,, 1992) and net P input through microbial death /lysis in the control plots is zero
ass microbial biomass P turnover meets microbial P demand (Fig. 4.6 (flux 3)). This
sumss up to a plant P uptake of 128 mg P m 2 yr 1 (litter) + 50 mg P m 2 y r ' (roots) =
1788 mg P m 2 yr ' in the control plots. In the drought plots plant uptake equals 91 mg
PP m 2 y r ' (litterfall) + 50 mg P m 2 yr ' (roots) = 141 mg P m 2 yr 1 (Fig. 4.6 (flux 4)).
Howeverr in the drought plots the P flush through microbial death / lysis amounted
too 73 mg P m 2 yr ' (570 mg P released kg ] litter and 0.128 kg litter m 2 yr 1 ). Which
meanss that the microbial derived P flush during the drought was 6 5 % of the yearly
plantt P uptake. So although the P flush was considerable in relation to yearly plant P
uptake,, plants could not benefit from it. This is in accordance with findings by other
researchess reviewed by Chapin (1980) that slow growing species characteristic of
infertilee soils, such as C. vulgaris, usually exhibit a low nutrient absorption rate per
plantt and a small increase in absorption rate in response to increasing external
nutrientt concentrations.
Conclusions s
C.C. vulgaris was directly and indirectly affected by the repeated summer drought
treatments.. Direct effects were a reduced ability to recover from a heather beetle
attackk a decreased elongation of the main shoots during a drought, a decreased
amountt of buds that developed to flowers and a trend towards a decreased plant
biomass.. An indirect effect was a reduction in foliar P and N concentration, which
indicatedd a reduced P and N uptake from the soil. During peak drought, the size of
thee microbial biomass P in litterbags was reduced with 79%. This microbial induced
PP flush comprised 65% of yearly plant P uptake. Plants could however not benefit
fromm the P flush as was indicated by the reduced foliar P concentrations, which
suggestss that C. vulgaris was a weak competitor for P,
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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.

Materialss 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'.
52°24'' N, 5°55' E
Location n
25 5
Altitudee <m)
10.1 1
Yearlyy mean air temperature (°C)
1042 2
Precipitationn (mm year ')
20-25 5
NN deposition (kg ha ' year ')
CallunaCalluna vulgaris
Vegetation n
584 4
Above-groundd C f g C r a 2 )
Haplicc Podzol
Soill type
mormoder r
Humuss form
Organicc layer
depthh (cm)
++ 4 - 0
3.7 7
pH H
C/N N
26.0 0
650 0
organicc matter (g kg ')
0.11 1
bulkk density (g cm 3 )
Organicc rich mineral horizon
depthh (cm)
0-16 6
3.8 8
PH H
organicc matter (g kg x)
33 3
1.69 9
bulkk density (g cm 3 )
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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, 5 1 % in 2000,
43%% in 2001, 4 3 % 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
mm 2 )) 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 m 2 ) using
thee calibration curve presented by Riis-Nielsen (1997) and to absolute biomass C and
PP (g C m 2 and g P m 2 ). 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''
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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(5.1)

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).
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Thee total mass of organic matter at a certain time instant (TOM,™,^) is obtained by
integrationn over all age classes (eq. 5.4).
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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 (

P»hP»hmm„„ = Z
</m-=ll V

day-]

A

(LF^^PLF,^^.)- ^OM^^POM^,^.)
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
litter)'.. 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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(5.5)

Tablee 5.2 Remaining fraction and standard deviation () obtained in the field
incubationn experiment after 0, 62, 160, 382, 628 and 902 days of incubation.
382 2
62 2
160 0
628 8
00
Day y
Controll 1.000(0.015) 0.952(0.016) 0.864(0.052) 0.697(0.035) 0.619(0.048)
Heatedd
1.000(0.015) 0.936(0.019) 0.843(0.039) 0.688(0.048) 0.620(0.042)
Droughtt 1.000(0.015) 0.944(0.016) 0.892(0.022) 0.745(0.038) 0.700(0.075)

litterbag
902 2

0.573(0.080)
0.625(0.037)
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 till 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 Lilliefors 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!riill Jtiv ). Also POMrreM.ihy.igf was tested for normality with Lilliefors 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, an
unitt variance.
POMPOMlnWtltislnWtltis^^

= ~PÖMlm„,ltn^

+ £ SPOM^,,^

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 483485).. 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.

Controll
Heatedd
Droughtt
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averagee litterfall
meanmean (stdev)
236.0 (105.8)a
207.9 (107.2}jb
165.7 (87.5)h

(5.7)

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
Aprill 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
Aprill 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
CC (g

m

)
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2002 2

2003 3

control

386(93) )

4555 (140)

524(167) )

358(110) )

heated d

3955 (100)

5722 (128)

664(142) )

454(71) )

476(13) )

4366 (34)

4499 (32)

340(116) )

0.677 (0.19)

0.44(0.12) )

drought t
PP (g m 2)

2001 1

control

0.39(0.10) ) 0.60(0.17) )

heated d

0.46(0.12) ) 0.65(0.13) ) 0.733 (0.14)

0.455 (0.07)

drought t

0.50(0.01) ) 0.433 (0.04)

0.311 (0.12)

0.477 (0.03)

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 controll and heated
# # (a) )
1600 0
##
1400 0
1200 0
1000 0
800 0
600 0
400 0
200 0
— I ——
1 1
—H — — 1 — —
0 —0 II

troll and drought

(b)

::H^r r

19988 1999 2000 2001 2002 2003
year r
ModelModel

19988 1999 2000 2001 2002 200.3
year r

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 predictionconfidencee 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 predictionconfidencee 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 m 2 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 m 2 (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 m 2 yr \ which ads up to a NPP of 178 g C m 2
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 will 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 1 1 % (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 will 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
initiallyy enhanced. In winter, at the end of the model simulation run, this
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temperaturee effect on decomposition and remaining fraction will 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) will 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 will 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 hr 1 . Average annual soil
respirationn rate, measured in permanent collars installed in the plots, amounted to
0.0255 g C m 2 h r ' (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 m 2
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 m 2 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 will be at least 130 g m 2 (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 limit plant growth in the heating treatment and further limit
plantt growth in the drought treatment.
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Synthesis s

Heathlandd ecosystems are semi-natural ecosystems valued for their cultural
historicall associations, their characteristic biodiversity and their recreational
function.. The survival of this ecosystem is threatened by grass encroachment,
fragmentation,, size reduction and invasion by trees. The impact of climate change
willl probably further threat heathland ecosystem functioning. The effect of climate
changee on ecosystem functioning is often most apparent through changes in plant
growthh and/or species composition. These changes are caused by processes that
requiree long term, intensive studying to exclude natural variations in climate
conditions,, plant growth and soil processes. The VULCAN project and its
predecessorr CLIMOOR offered a change to monitor these processes on the long
term. .
Thee main objective of this research was to improve the understanding of heathland
ecosystemm functioning under climate change and the role of microbial nutrient
transformationss in the soil herein. The purpose of this chapter is to draw a more
completee picture of Dutch heathland ecosystem functioning under climate change
byy integrating the results from the previous chapters and incorporating these with
otherr results collected at the site within the CLIMOOR and VULCAN project. This
iss done on the basis of the research question posed in the introduction. These
researchh questions are:
What is the effect of climate change on microbial nutrient transformations,
especiallyy P transformations during litter decomposition?
What is the effect of climate change on plant growth?
What is the effect of climate change on the interaction between plant growth
andd litter decomposition and C and P cycling?
Differentt approaches were used, some processes were studied in the field, others
weree studied more mechanistic in the lab and some were too complicated to unravel
withoutt using a model simulation.
Impactt of climate change on microbial nutrient transformations
Microbiall biomass was an important nutrient pool in decomposing litter (chapter 2,
33 and 4). Within 48 days up to 85% of total P present in the decomposing litter was
incorporatedd in microbial biomass in the laboratory experiment. Another 7% was
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presentt as inorganic P, while 9% remained as organic P. The distribution of P over
thesee three P pools changed only slightly over the length of the experiment, despite
thee high acid phosphatase activity. As 85% of total P was immobilized in microbial
biomass,, changes in size and dynamics of microbial biomass can have a large effect
onn P availability. During decomposition more and more P is immobilized, decreasing
thee P availability to the decomposing microbial community for further growth.
Underr non P limiting conditions microbial C and N immobilization rates, net P
mineralization,, net N mineralization and net nitrification depended more strongly
onn temperature conditions, while microbial P immobilization depended mainly on
moisturee conditions. Under P limiting conditions, C, N and P immobilization and N
andd P mineralization rates decreased significantly and the effect of temperature and
moisturee on these processes decreased or was absent. Non P limiting and P limiting
conditionss as occurred during the litter decomposition experiment in the laboratory
willl occur simultaneously in the field. C. vulgaris sheds litter all year round and
organicc matter of many different ages is present on the soil surface. However, the
bulkk of organic matter is older than the 48 days in the laboratory experiment in
whichh P was not limiting microbial nutrient transformations. This implicates that
thee rate of biogeochemical processes at the experimental site is probably limited by
PP availability and that the effect of the temperature treatment especially in older
litterr is small.
Thee effect of the heating treatment on microbial nutrient transformations in the
fieldd was indeed small, except on microbial C immobilization during the first 6
monthss of litter decomposition. However the temperature increase in the field
experimentt (on average 0.7°C) is much less than the stepwise temperature increase
off 5°C in the lab experiment. The question that arises is: Is the temperature increase
inn the field too small to cause a stronger response in microbial nutrient
transformationss or is low P availability indeed limiting temperature response? Other
processess such as litter decomposition rate (chapter 3) and N leaching (Schmidt et
al.,, 2004) were however significantly positively affected by the heating treatment, as
welll as substrate hydrolysis by a variety of enzymes and microbial biomass C in the
LFHH horizon (samples were taken 4 times from august 2000 to September 2001 and
pooled)) (Sowerby et al, 2005). The increased microbial biomass in the LFH horizon
ass found by Sowerby et al. (2005) is in accordance with the temporarily increase in
microbiall biomass C in the litterbag experiment. This all indicates that
biogeochemicall processes responded to the treatment and microbial nutrient
transformationss could be affected as well. The increase of N leaching in the heating
treatmentt is contrary to findings of N mineralization in the litterbag experiment and
contraryy to the findings of Emmett et al. (2004), who found no response of N
mineralizationn rate in the LFH horizon (data only from the years 2000 and 2001). No
explanationn for increased N mineralization could be found in the data collected in
thiss study, no extra N was mineralized in fresh litter (chapter 3). Litterfall decreased
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(chapterr 5) and plant N uptake probably increased (plant growth was enhanced
(chapterr 5)). Possible explanations for the increased N leaching could be increased
dryy deposition of N by increased plant biomass in the heated plots and/or increased
NN mineralization in the deeper soil horizon (soil solution was collected at 30 cm).
Anotherr possibility is an overestimation of the water flux because higher soil water
uptakee as a result of increased plant growth was not accounted for in the soil water
fluxx calculation, while soil solution nutrient concentrations increased because of
that. .
CO22 respiration was measured bi- to three-weekly in the field. Although no
significantt heating effect on CO2 respiration rate was found (only a positive trend),
CO22 respiration rate within the site was largely temperature dependent (Emmett et
al.,, 2004). CO2 respiration rate in the litterbag experiment was measured at 20°C and
iss therefore more a reflection of litter quality and/or the size of microbial biomass
thann of the actual microbial activity in the field, rendering the comparison with the
bi-- and or three-weekly field measurements impossible. Net N mineralization
exhibitedd lower sensitivity to soil temperature relative to soil respiration (Emmett et
al.,, 2004). This has been reported previously, but the reasons for this are not well
understoodd (Kirschbaum, 1995). An explanation could be that plant roots do not
directlyy contribute to N mineralization although they contribute significantly to soil
respiration.. Results from this thesis point to another possible mechanisms causing
thee different temperature sensitivity. The temperature sensitivity of microbial
nutrientt transformations decreased (such as N mineralization) under P limiting
conditions,, while the CO2 production rate increased. CO2 respiration was most
probablyy uncoupled from microbial growth and C was mainly respired as cell
maintenancee respiration which increased with temperature.
Droughtt reduced field CO2 respiration rate (Emmett et al., 2004), which is in
agreementt with the reduced litter decomposition rates. Microbial nutrient
transformationss in the lab and field showed a strong sensitivity to drought.
Especiallyy immobilization (there was hardly any P mineralization) of the limiting
nutrientt P was significantly affected. Low moisture content retarded microbial P
immobilization.. However, in the field microbial N immobilization was retarded by
thee drought treatment as well, while in the laboratory experiment no effect of low
moisturee content on microbial N immobilization rate was found.
Thee delayed microbial P immobilization prevented a net P mineralization phase and
nett P mineralization from the litter was reduced. After one year of incubation
microbiall biomass C, N and P were significantly higher in the drought plots,
probablyy as a result of availability of new substrate caused by the drying and
rewettingg process. Although microbial biomass was higher in the drought plots, the
microbiall C/N ratio was equal to the control, indicating that longer term microbial
compositionn was not affected by the drought.
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Impactt of climate change on plant growth
Plantt biomass increased in response to heating, although this was probably not the
resultt of increased P availability, but a direct effect of longer growing season (Beier
ett al., 2004; chapter 5). Decreased foliar P concentrations indicated P limitation. This
meanss that although foliar P concentrations at the start of the field manipulation
alreadyy indicated P limitation, low P availability couldn't stop plant growth
completely.. The question that arises is: How much further can the foliar N/P and
C/PP ratios decrease? Eventually P limitation at the site must lead to a maximum in
plantt productivity in response to warming. Further monitoring of plant biomass and
chemistryy is needed to confirm this hypothesis.
Thee repeated drought treatments affected C. vulgaris directly and indirectly. Direct
effectss were (i) a reduced ability to recover from a heather beetle attack (ii) a
decreasedd elongation of the main shoots during a drought and (iii) a decreased
amountt of buds that developed to flowers. An indirect effect was a reduction in
foliarr P and N concentration, which indicated relatively less P and N uptake than C
uptake.. More frequent monitoring of foliar P and N concentrations is necessary to
determinee whether the reduced N concentration is temporarily and the reduced P
concentrationn permanent. The reduced ability to recover from the heather beetle
attack,, could also imply that plants in the drought plots show a reduced ability to
recoverr from the natural extreme dry spring and summer in 2003, which caused a
strongg reduction in plant biomass in both the control and drought plots. Further
monitoringg of plant biomass is needed to investigate this.
Plantt root phosphatase activity was measured once in spring on 25 May 2004.
Differencess in root phosphatase activity would indicate a change in plant P demand.
Howeverr no differences in root phosphatase activity were observed between the
treatments.. Root length and root diameter was determined in 2002 in soil cores and
inn 2003 by root in-growth cores. After 4 years of treatment root length in 2002 was
significantlyy (P< 0.05) higher in the drought treatment. Water deficits and nutrient
deficienciess can promote greater relative allocation of photosynthate to root growth,
ultimatelyy resulting in plants that have higher root:shoot ratios and greater capacity
too absorb water relative to the shoots that must be supported (Kozlowski, 2002).
However,, root ingrowth in soil cores in 2003 was significantly (P< 0.05) reduced as
aa result of the drought, which could possibly mean that the exploration capacity of
thee roots was in some way affected. Drought may affect this exploration capacity
throughh the dying-off of fine roots during the treatment.
Inn the heated plots root length in 2002 was significantly higher as well. Increased
roott growth was accompanied by increased biomass. In 2003 root ingrowth was
reducedd in response to warming. An explanation for reduced root growth is
increasedd nutrient availability (Chapin, 1980). This seems however improbable at
ourr field site. P mineralization was not enhanced by the heating treatment and even
decreasedd as a result of decreased litterfall. In addition, increased nutrient
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availabilityy would mean increased P uptake, which is in contradiction with the
decreasedd foliar P concentrations.
Becausee the root length and diameter measured show opposite responses with
respectt to the different years it is hard to make the link with root phosphatase
activity.. Especially because root phosphatase activity and root growth were
determinedd in different years. Also no data is available on initial differences in root
biomasss before the start of the treatments. For instance plant biomass in the drought
plotss was higher before the start of the treatment, enabling the possibility that root
biomasss was still enhanced in 2002.
Thee effects of climate change on the interaction between plant growth and litter
decompositionn and C and P cycling
Duringg peak drought, the size of the microbial biomass P in litterbags was reduced
withh 79%. The microbial induced P flush comprised 65% of minimum yearly plant P
uptake.. Plants could however not benefit from the P flush as was indicated by the
reducedd foliar P concentrations, which suggests that C. vulgaris was a weak
competitorr for nutrients compared with microorganisms after extreme drought.
Althoughh plants could not benefit from the P flush after the extreme drought in our
experiment,, smaller natural drought periods of less intensity might induce cell lyses
ass well. Because this process would occur more often and fluxes are smaller, this
couldd be a mechanisms for plants to obtain immobilized P from microorganisms.
Howeverr this is only a hypothesis and further research into P mineralization during
naturall drying and re wetting cycles is needed.
Thee quantity of litterfall played an important role in the amount of P that was
mineralized.. Decreased litterfall resulted in decreased P mineralization. In both
treatmentss less P was mineralized and P cycling rates decreased, which could limit
plantt biomass increase in response to the heating treatment and further limit plant
growthh in the drought treatment. In the heating treatment litterfall had not adjusted
too the increased plant biomass. Adjustment of litterfall would however still result in
lesss P mineralization over the next five years. Indicating that plant growth will
remainn limited by P and/or might even reach a maximum.
Howeverr over a five year period only 15% of total plant P uptake was mineralized
fromm fresh litter shed during this period in the control. The remainder of plant P
uptakee must be mineralized from old soil organic matter, P resorption from the
minerall phase (although this seems unlikely, due to the undersaturation of the
amorphouss and crystalline Al and Fe constituents) and P lysis from microbial
biomasss (also in LFH horizon 57% to 95% of total P is immobilized in microbial
biomasss (data not presented)). It does not seem likely that the rate of these processes
wouldd increase in response to climate change, except for microbial cell lysis, more
intensee drying at higher temperatures and more frequent but less intensity droughts
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couldd increase dye back of the microbial community. Although further research is
neededd to investigate this.
CC cycling rates changed as a result of the treatments. On the short term, the heating
treatmentt decreased C storage in fresh organic matter, however plant C biomass
increased,, which resulted in increased C storage in both compartments. On the long
termm increased litterfall as a consequence of increased plant biomass enhanced C
storagee in fresh organic matter. In the drought treatment, C storage in fresh organic
matterr decreased on the short and long term. Together with decreased plant biomass
thiss resulted in decreased C storage.
Combinationn of treatments
Climatee change is predicted to result in warming and increased intensity and
frequencyy of summer drought period. Under climate change both these processes
wouldd occur simultaneously, while we investigated them separately in the field.
Bothh treatments had a contrasting impact on plant biomass, except for litter
productionn and foliar nutrient concentrations which decreased in both treatments.
Thee impact of the treatments on plant biomass will determine litterfall and foliar
nutrientss concentrations, which makes it hard to draw conclusions about the
combinedd effect of temperature and drought. However, soil processes such as litter
decomposition,, microbial C, N and P immobilization and N and P mineralization
showedd a response to the treatments that could be complementary. Drought
treatmentt reduced decomposition rate continuously, while temperature treatment
enhancedd litter decomposition only temporarily (Fig. 3.1). Microbial biomass C, N
andd P was positively or not affected by the heating treatment and in the in the
droughtt plots microbial biomass C, N and P increased (except during the drought
treatment)) (Fig. 3.3a, b and c). Net N mineralization reduced in the drought plots,
whilee net P mineralization decreased in both the heated and drought plots (Fig.
3.4d).. The combined effect of these treatments could be decreased litter
decompositionn rate, increased microbial C, N and P immobilization and decreased N
andd P mineralization. The results from the laboratory incubation experiment
showedd that under P limiting conditions (chapter 2; period 48-206), an increased
temperaturee and decreased humidity from 10°C and 100% moist to 15°C and 50%
resultedd in a similar response: a slight decrease in CO2 respiration rate (Fig. 2.2), an
increasee in microbial C, N and P immobilization rate (Fig. 2.3) and decreased net P
andd N mineralization and nitrification (Fig. 2.5). However, the response of these
processess was different when another starting point was chosen. This means that a
temperaturee increase and moisture decrease at low temperature had a different
effectt on soil processes than at higher temperature. In addition this temperature
moisturee response is also dependent on the age of the litter material, which
complicatess the applicability of the results to a field situation. Although some
generall trends could be deduced: CO2 production generally remained equal from 5 to
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10°CC and 10 to 15°C, but increased between 15 and 20°C. Microbial C, N and P
immobilizationn generally decreased from 5 to 10°C, increased from 10 to 15°C and
increasedd or remained equal between 15 and 20°C. While N and P mineralization
andd nitrification increased from 5 to 10°C, increased or decreased from 10 to 15°C
andd decreased from 15 to 20°C. Because the drought treatments are in summer, soil
moisturee content will be mainly lower at higher temperatures. The possible increase
inn microbial biomass C, N and P and decrease in N and P mineralization and
nitrification,, in response to a combined treatment as deduced from the litterbag
experiment,, is then in agreement with the results from the laboratory experiment.
However,, the effect of a combined treatment on litter production is not known so it
iss uncertain to what extent these processes are affected per surface area. Field scale
manipulationn of both temperature and drought would shed light on this subject.

Finall remarks
Thee research presented in this thesis has increased our knowledge on the impact of
climatee change on heathland ecosystem functioning and the role of microbial
nutrientt transformations herein. The modest temperature increase and summer
droughtss affected ecosystem functioning in various related ways. Increased
temperaturee positively affected plant growth, although foliar P concentrations
decreasedd due to relatively higher C uptake than P. Increased temperature did not
increasee P mineralization or affect the size and dynamics of the largest P pool in
freshh organic matter: the microbial community. On the contrary P mineralization
andd P cycling rates were even reduced due to decreased litter production. Drought
affectedd plant growth negatively and foliar P concentrations decreased. Drought and
subsequentt rewetting induced microbial cell lysis. However plants could not benefit
fromm the resulting P flush. Decreased litterfall further decreased P mineralization
andd P cycling rates. C storage in plants and fresh organic matter increased in
responsee to warming, but decreased in response to drought.
Neww questions have arisen from the results of this thesis, such as: What is the effect
off the combined treatments? How do plants obtain P from microbial biomass and do
lesss intensity drying and rewetting cycles pays a role in this? Is the reduction in
foliarr P and N concentration permanent or temporarily throughout the year? And
howw much further will plant biomass in the heated plots increase? Another
importantt issue that needs studying is the impact of climate change on the effect of
naturee management in these heathlands. Climate change can affect the way in
whichh these ecosystems are optimally managed and in this way preserved.
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Summary y
Heathlandd ecosystems are semi-natural ecosystems valued for their cultural
historicall associations, their characteristic biodiversity and their recreational
function.. They are characterized by low levels of plant available nutrients and low
turnoverr time of nutrients in plant and soil (Aerts and Chapin, 2000). The recycling
off nutrients through organic matter decomposition in the ectorganic soil horizons is
ann important process in these ecosystems as the mineral soil is often highly
impoverished.. Decomposition of organic matter is primary driven by microbial
activity,, but microbial biomass itself is also considered as an important nutrient pool
(Jonassonn et al., 1999; Schmidt et al., 2002). Microbial nutrient transformations can
thereforee play an important role in the regulation of nutrient availability for plant
growthh in these nutrient-deficient ecosystems (Harte and Kinzig, 1993; Jonasson et
al.,, 1999a). Climate change affects practically all ecosystem processes such as plant
growth,, plant net photosynthetic and transpiration rate, plant nutrient uptake
(Llorenss et al., 2004; Penuelas et al., 2004), microbial activity, litter decomposition
andd consequent mineralization and immobilization of nutrients (Kieft et al., 1987;
vann Gestel et al., 1991; Grierson et al, 1998; Pulleman and Tietema, 1999; Jonasson
ett al., 1999a; Rustad et al., 2001: Emmett et al., 2004). As the microbial pool can
containn such a large amount of the ecosystem nutrients, this suggest that small
changeschanges in microbial biomass can have a large effect on nutrient availability in soil
andd thereby on the nutrient availability to plants.
Mostt studies related to nutrient-poor ecosystems have been focused on climate and
nutrientt driven changes in the artic and sub-artic regions, mainly because the mean
surfacee temperature is predicted to increase more in northern latitudes than in other
climatee zones (Houghton et al, 2001). This geographic bias resulted in a lack of
knowledgee about the response of mid and southern latitude ecosystems to climate
changee (Rustad et al., 2001). While climate change is likely to affect ecosystem
functioningg at mid latitudes as well through changes in the soil nutrient pool, which
couldd affect plant growth on top of the direct effects of climate change on plant
growth.. Although the role of microbial community in organic matter decomposition
andd nutrient transformations is widely recognized, less is known about the effect of
PP limitation on microbial dynamics under climate change. The limited P availability
inn this ecosystem could probably determine the response of ecosystem processes to
thee climate manipulation. Considering the importance of P for both plants and
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microorganismss in this ecosystem more detailed insight on the P dynamics between
thee ecosystem P pools is needed.
Thee main objective of this research was to improve the understanding of heathland
ecosystemm functioning under climate change and the role of microbial nutrient
transformationss in decomposing litter herein. Special focus was given to the most
limitingg nutrient P as P could possibly play an important role in the response of this
ecosystemm to climate change. Long term field experiments were conducted at the
Dutchh heathland area 'Oldebroekse heide' to assess the impact of climate change on
ecosystemm functioning. Climate conditions were manipulated since May 1999. The
manipulationn involved night time warming (on average 0.7°C increase) or summer
droughtt in 20 m2 plots (Beier et al., 2004). Nitrogen (N) deposition in the
Netherlandss has exceeded critical loads of 15-20 kg N ha ' year 1 for half a century
(Heill and Bobbink, 1993) and N leaching is high at the site (Schmidt et al., 2004).
Thee highly weathered acid sandy soil is mineralogical very poor with very low
inorganicc phosphorus (P) concentrations. The dominating dwarf shrub, Calluna
vulgaris,vulgaris, produces P poor litter with an N/P (g/g) ratio of > 16:1, indicating that P is
thee most important limiting nutrient for vegetation growth (Koerselman and
Meuleman,, 1996). Because in field experiments, processes are dependent on the
rulingg climate conditions, in addition laboratory experiments were performed to
investigatee the impact of climate conditions more mechanistic. To integrate several
resultss and make predictions beyond the field measurement period mathematical
modelingg was used.
Inn chapter 1 the relationship between microbial dynamics, phosphorus availability
andd microbial acid phosphatase activity in decomposing phosphorus poor litter was
studiedd by means of a laboratory incubation experiment. The litter originated from
thee dry heathland ecosystem 'Oldebroekse heide'. The highly weathered acid sandy
soill had low available P concentrations and as a result plant productivity at the site
wass limited by the availability of phosphorus. Phosphatase activity did not play a
rolee in the low P availability in the litter of this P poor heathland, because
phosphatasee activity was very high throughout the experiment and therefore did not
restrictt P mineralization. Instead low P availability in litter was caused by rapid
microbiall P immobilization. Within 48 days 85% of total P present in the
decomposingg litter was incorporated in microbial biomass. Of the remaining P, 7%
wass present as inorganic P, while 9% remained in the litter. The distribution of P
overr the P pools changed only slightly over the duration of the experiment, despite
thee high acid phosphatase activity measured throughout the experiment.
Inn chapter 2 the hypothesis was tested that P availability affects the temperature and
moisturee response of microbial nutrient transformations during litter decomposition.
Freshh C. vulgaris litter was incubated at 5°, 10°, 15° and 20°C and at 50%, 100% and
200%% humidity. The litter originated from the dry heathland area 'Oldebroekse
heide'.. Microbial nutrient transformations were studied during two periods, an
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initiall decomposition period of 48 days in which P was not limiting microbial
activityy and a second period from 48 to 206 days in which P was limiting microbial
activity.. Microbial nutrient transformation rates depended both on temperature and
humidity.. Under non-P limited conditions microbial C and N immobilization rates,
netnet P mineralization, net N mineralization and net nitrification were controlled
predominantlyy by temperature conditions; whilst microbial P immobilization was
controlledd by humidity. Under P limiting conditions, in the second incubation
period,, microbial immobilization and net nutrient mineralization rates decreased
significantly,, while CO2 respiration and the metabolic quotient increased. The effect
off temperature and humidity on process rates under P limitation was smaller, absent
orr opposite to the effect of temperature and humidity under non P limiting
conditions.. Although further microbial growth was limited by low P availability,
microorganismss remained active and the metabolic quotient increased with
temperature.. This increase indicated decreased C utilization efficiency of the
microbiall community and was probably caused by stress induced by either or both
increasedd temperature and increased P limitation.
InIn chapter 3 the effect of a modest temperature increase and repeated summer
droughtss on litter decomposition rate and microbial bio mass dynamics was studied
att the climate manipulated P deficient dry heathland. The continuous heating
treatmentt positively affected decomposition rate temporarily during the first half
yearr of litter decomposition, whereas the decomposition rate of the more
recalcitrantt litter fraction was not affected. The two summer drought treatments
retardedd litter decomposition rate permanently, indicating that both the labile and
recalcitrantt fraction were affected. Microbial C, N and P immobilization was
affectedd by the heating as well as by the drought treatment. Enhanced temperature
increasedd microbial biomass C during the first half year of incubation, while the first
droughtt treatment significantly retarded microbial N and P immobilization. The
delayedd microbial N and P immobilization in the drought plots prevented a period of
netnet N and P mineralization that was observed in the control plots. After one year of
incubationn microbial biomass C, N and P was significantly higher in the drought
plots,, probably as a result of availability of new substrate caused by the drying and
rewettingg process. Although microbial biomass was higher in the drought plots, the
microbiall C/N ratio was equal to the control, indicating that longer-term microbial
compositionn was not affected by the drought. In conclusion, climate change shifted
microbiall biomass dynamics and the timing of P mineralization, which might affect
plantt growth in this already P deficient ecosystem.
Inn chapter 4 the effect of repeated summer droughts on plant growth and microbial
dynamicss at a P poor Dutch heathland ecosystem was investigated at the climate
manipulatedd heathland area. The dominating dwarf shrub C. vulgaris was directly
andd indirectly affected by the repeated summer drought treatments. Direct effects
weree (a) a reduced ability to recover from a heather beetle attack (b) a decreased
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elongationn of the main shoots during a drought and (c) a decreased amount of buds
thatt developed to flowers. An indirect effect was a reduction in foliar P and N
concentration,, which indicated a reduced P and N uptake from the soil. During peak
drought,, the size of the microbial biomass P in litterbags was reduced with 79%.
Thiss microbial induced P flush comprised 65% of yearly plant P uptake. Plants could
howeverr not benefit from the P flush as was indicated by the reduced foliar P
concentrations,, which suggests that C. vulgaris was a weak competitor for nutrients
comparedd with microorganisms after drought.
Inn chapter 5 the effects of changes in plant biomass, in annual plant litter
production,, in litter decomposition rates and in net phosphorus (P) mineralization in
thee litter layer as a result of the climate manipulations on ecosystem C and P cycling
wass studied. Plant biomass dynamics were monitored and a simple model was
developedd to simulate the decay of daily litterfall cohorts during a short (1 year) and
longg term (5 years) period for the different climate conditions. Monte Carlo
simulationss were used to evaluate the statistical significance of the model outcome.
Onn the short term, the heating treatment decreased soil C storage, however plant C
biomasss increased, which resulted in increased ecosystem C storage. On the long
termm increased litterfall as a consequence of increased plant biomass increased soil C
storage.. Soil C storage in the drought treatment decreased on the short and long
term.. Together with decreased plant C biomass this resulted in decreased ecosystem
CC storage. In both treatments less P was mineralized and P cycling rates decreased
whichh could limit plant growth in the heating treatment and further limit plant
growthh in the drought treatment.
Inn the synthesis a more complete picture of Dutch heathland ecosystem functioning
underr climate change is drawn by synthesizing the results from the previous
chapterss and incorporating these with other results collected at the site within the
CLIMOORR and VULCAN project. This is done on the basis of the research questions
posedd in the introduction. In conclusion: the modest temperature increase and
summerr droughts affected ecosystem functioning in various related ways. Increased
temperaturee positively affected plant growth, although foliar P concentrations
decreasedd due to relatively higher C uptake than P. Increased temperature did not
increasee P mineralization or affect the size and dynamics of the largest P pool in
freshh organic matter: the microbial community. On the contrary P mineralization
andd P cycling rates were even reduced due to decreased litter production. Drought
affectedd plant growth negatively and foliar P concentrations decreased. Drought and
subsequentt rewetting induced microbial cell lysis. However plants could not benefit
fromm the resulting P flush. Decreased litterfall and decreased P mineralization
reducedd P cycling rates. C storage in plants and fresh organic matter increased in
responsee to warming, but decreased in response to drought.
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Samenvatting g

Heidee landschappen zijn semi-natuurlijke ecosystemen met grote cultuurhistorische
waarde,, een karakteristieke biodiversiteit en talloze recreatiemogelijkheden. Een
anderr typerend kenmerk is de lage beschikbaarheid van nutriënten in de bodem en
dee langzame cyclus van nutriënten door planten en bodem (Aerts and Chapin,
2000).. Omdat de minerale bodem in heide-ecosystemen zeer arm aan nutriënten is,
iss het beschikbaar komen ervan door afbraak van organische stof in de strooisellaag
eenn belangrijk proces. De afbraak van organische stof wordt in grote mate
gereguleerdd door microbiële activiteit. Micro-organismen zijn zelf echter ook een
belangrijkee pool van nutriënten (Jonasson et al., 1999a; Schmidt et al., 2002). In
nutriëntarmee ecosystemen, zoals heide-ecosystemen kunnen nutriënttransformaties
doorr micro-organismen daardoor een belangrijke rol spelen in de beschikbaarheid
vann nutriënten voor plantengroei (Harte and Kinzig, 1993; Jonasson et al., 1999a).
Hett klimaat beïnvloedt praktisch alle processen die in een ecosysteem spelen, zoals
bijvoorbeeldd plantengroei, fotosynthese- en transpiratiesnelheid, nutriëntopname
doorr planten (Llorens et a l , 2004; Penuelas et al., 2004), microbiële activiteit, de
afbraakk van strooisel en de daaruit volgende mineralisatie en immobilisatie van
nutriëntenn (Kieft et al., 1987; van Gestel et al., 1991; Grierson et al., 1998; Pulleman
andd Tietema, 1999; Jonasson et a l , 1999a; Rustad et a l , 2001: Emmett et a l , 2004).
Omdatt micro-organismen zo'n aanzienlijke hoeveelheid nutriënten bevatten,
kunnenn kleine veranderingen in de grootte van de microbiële biomassa een groot
effectt hebben op de beschikbaarheid van nutriënten in de bodem.
Veell onderzoek in ecosystemen met lage struikvegetaties, zoals nutriëntarme heideecosystemen,, richtte zich tot nu toe met name op het effect van veranderingen in
klimaatt en nutriëntconcentraties in de arctische en subarctische regio's.
Voornamelijkk
omdat
klimaatmodellen
voorspellen
dat
de
gemiddelde
oppervlaktetemperatuurr relatief meer zal stijgen in deze klimaatzones dan in de
meerr gematigde en zuidelijke klimaatzones (Houghton et al., 2001). Deze
geografischee bias resulteerde in de ondervertegenwoordiging van informatie over
hett effect van een klimaatverandering in deze regio's (Rustad et a l , 2001). Terwijl
klimaatveranderingg ook het functioneren van ecosystemen in deze gebieden kan
beïnvloeden.. De hoeveelheid nutriënten in de bodem kan er bijvoorbeeld beïnvloed
doorr worden. Klimaatverandering kan zo indirect de plantengroei beïnvloeden,
bovenopp de directe effecten die het heeft op plantengroei.
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Alhoewell de rol van micro-organismen in de afbraak van organische stof en de
mineralisatiee van nutriënten algemeen bekend is, is er veel minder bekend over het
effectt van een nutriëntlimitatie op de respons van deze omzettingen op een
klimaatverandering.. Het belangrijkste doel van dit onderzoek is dan ook het
vergrotenn van de kennis over het functioneren van een nutriëntarm heideecosysteemm in reactie op een klimaatverandering, met name de rol van microbiële
nutriëntomzettingenn tijdens de strooiselafbraak.
Sindss mei 1999 worden de klimaatcondities gemanipuleerd op het Nederlandse
heideveldd 'de Oldebroekse heide', in de buurt van Zwolle. De manipulatie bestaat uit
eenn temperatuursverhoging van gemiddeld 0.7°C en een zomerdroogte (meestal in
julii en augustus) in 20 m2 grote proefvelden (Beier et a l , 2004).
Stikstoff en fosfor zijn twee nutriënten die voor het functioneren van een ecosysteem
vann essentieel belang zijn. De stikstofdeposttie (N) in Nederland is erg hoog,
namelijkk 20 to 25 kg N ha ' jaar' en ook de stikstofuitspoeling van de bodem naar
hett grondwater is hoog in de proefvelden (Schmidt et al., 2004). Dit betekent dat het
ecosysteemm stikstofverzadigd is en dat stikstof geen limiterende rol kan spelen in het
functionerenn van het ecosysteem. Er is nauwelijks fosfordepositie op de heide en de
bodemm is een verweerde, zure zandige bodem, die mineralogisch gezien erg arm is
enn een zeer lage minerale fosforconcentratie heeft. De dominante dwergstruik
CallunaCalluna vulgaris (oftewel struikheide) produceert fosforarm strooisel met een
stikstof-/fosforverhoudingg groter dan 16. Dit betekent dat fosfor het meest
limiterendee nutriënt is en dat veranderingen in de beschikbaarheid van fosfor de
groeii van struikheide kunnen beïnvloeden (Koerselman and Meuleman, 1996).
Processenn in het veld zijn onderhevig aan de heersende klimaatcondities. Daarom
zijnn er in dit onderzoek ook experimenten in het laboratorium gedaan om processen
meerr mechanistisch te onderzoeken. Om de resultaten van de veld- en
labexperimentenn te integreren en om voorspellingen te doen over de toekomst is er
ookk een modelberekening gemaakt.
Inn hoofdstuk 1 is de relatie tussen microbiële dynamiek, de beschikbaarheid van
fosforr en de activiteit van het enzym acid phosphatase tijdens de afbraak van
fosforarmm strooisel onderzocht in een laboratoriumexperiment. Het strooisel is
afkomstigg van het droge heide-ecosysteem 'de Oldebroekse heide'. Resultaten van
hett onderzoek wijzen uit dat de phosphatase-acüvheit
geen rol speelde in de lage
beschikbaarheidd van fosfor tijdens de strooiselafbraak, omdat tijdens het gehele
experimentt de phosphatase-actïvïteit
zeer hoog was en zodoende de mineralisatie
vann fosfor niet belemmerde. De lage beschikbaarheid van fosfor werd veroorzaakt
doorr de snelle immobilisatie van fosfor door micro-organismen. Binnen 48 dagen
wass 85% van de totale hoeveelheid fosfor, die aanwezig was in het strooisel,
geïmmobiliseerdd door de micro-organismen. Van de resterende hoeveelheid was 7%
beschikbaarr als mineraal fosfor, terwijl 9% overbleef als organisch fosfor in het
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strooisel.. Ondanks de hoge phosphatase-activiteit,
veranderde deze verdeling
nauwelijks,, zodat tijdens de rest van het experiment (tot 206 dagen) de lage
beschikbaarheidd van mineraal fosfor limiterend was voor de verdere groei van de
micro-organismen. .
Inn hoofdstuk 2 is onderzocht of de beschikbaarheid van fosfor de reactie van
microbiëlee nutriëntomzettingen op temperatuur- en vochtcondities beïnvloedt,
tijdenss de strooiselafbraak. Vers strooisel, afkomstig van struikheide op 'de
Oldebroeksee heide', werd geïncubeerd in het laboratorium bij 5°, 10°, 15° en 20°C
mett een vochtgehalte van 50%, 100% en 200%. Microbiële nutriëntomzettingen
werdenn onderzocht gedurende twee perioden. De eerste periode van 48 dagen,
waarinn fosfor de microbiële activiteit niet limiteerde. En een tweede periode van 48
tott 206 dagen, waarin fosfor wel limiterend was voor de microbiële activiteit.
Microbiëlee nutriënttransformaties waren zowel afhankelijk van temperatuur- als
vochtcondities.. Gedurende niet-fosforgelimiteerde condities waren microbiële
koolstof-en
stikstofimmobilisatie,
netto-fosformineralisatie,
nettostikstofmineralisatiee
en
netto-nitrificatie
voornamelijk
afhankelijk
van
temperatuurcondities.. Terwijl microbiële fosforimmobilisatie voornamelijk werd
beïnvloedd door vochtcondities. Onder fosforlimiterende condities, tijdens de tweede
incubatieperiode,, namen de microbiële nutriëntimmobilisatie en -mineralisatiesnelhedenn aanzienlijk af, terwijl de C02-respiratiesnelheid en de metabolische
quotiëntt (fLOi toenamen. Het effect van temperatuur op de nutriëntimmobilisatie
enn -mineralisatie snelheden in deze tweede periode was veel kleiner, afwezig of
tegenovergesteldd aan de snelheden in de eerste periode (onder nietfosforlimiterendee condities). Echter ondanks dat de lage fosforbeschikbaarheid de
groeii van de microbiële biomassa limiteerde, bleven de micro-organismen actief en
namm hun activiteit zelfs toe met toenemende temperatuur. Deze toename toont aan
datt de effectiviteit waarmee micro-organismen koolstof gebruiken, afneemt bij een
stijgendee temperatuur. Waarschijnlijk als gevolg van stress door de hogere
temperatuur;; door toenemende fosforlimitatie; of als gevolg van beide.
Inn hoofdstuk 3 is het effect van een temperatuursverhoging en herhaalde
zomerdroogtee op de strooiselafbraak en microbiële dynamiek in het veld
onderzocht.. Dit gebeurde op 'de Oldebroekse heide', waar de klimaatcondities
experimenteell worden gemanipuleerd. De continue temperatuursverhoging zorgde
voorr een tijdelijke verhoging in de afbraaksnelheid van het strooisel van een
halfjaar,, daarna wordt de afbraaksnelheid van de meer recalcitrante fractie, die dan
nogg vooral over is, niet meer beïnvloed door temperatuursverhoging. De twee
zomerdroogtess vertraagden de strooiselafbraak permanent. Dit betekent dat de
droogtee zowel de afbraak van de labiele fractie als de meer recalcitrante fractie
beïnvloedde. .
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Microbiëlee koolstof-, stikstof- en fosforimmobilisatie werd beïnvloed door zowel de
temperatuur-- als droogtebehandeling. Verhoogde temperatuur versnelde de
koolstofimmobilisatiee tijdens het eerste halfjaar van de afbraak, terwijl de eerste
zomerdroogtee de immobilisatie van stikstof en fosfor vertraagde. Deze verlate
immobilisatiee voorkwam een periode van netto-stikstof- en fosformineralisatie. Na
eenn jaar was de hoeveelheid microbieel koolstof, stikstof en fosfor significant hoger
inn de droogtebehandeling. Dit werd waarschijnlijk veroorzaakt door een hogere
beschikbaarheidd van nutriënten, die vrijgekomen waren tijdens het proces van
uitdrogenn en het weer nat worden van het strooisel. Ondanks dat de hoeveelheid
microbieell koolstof en stikstof hoger was in de droogteplots, was de microbiële
koolstof-/stikstofverhoudingg gelijk aan de controle en verwarmde plots. Dit betekent
datt op de langere termijn de microbiële samenstelling (bacterie of schimmel) niet
werdd beïnvloed door de droogtebehandeling. Concluderend: klimaatverandering
veranderdee de microbiële dynamiek en het moment waarop fosfor werd
gemineraliseerd.. Dit kan de plantengroei beïnvloeden op dit toch al fosforarme
heide-ecosysteem. .
Inn hoofdstuk 4 is het effect van herhaalde zomerdroogte op plantengroei en
microbiëlee dynamiek op 'de Olderbroekse heide' onderzocht. De meest
voorkomendee struik, Calluna vulgaris werd direct en indirect beïnvloed door de
zomerdroogten.. Directe effecten waren: (a) een verminderd vermogen om te
herstellenn na een heidekeverplaag; (b) een verminderde groei van de hoofdtakken
tijdenss een droogte; en (c) een kleinere hoeveelheid knoppen die zich ontwikkelde
tott bloemen. Een indirect effect was een afname in de fosfor- en stikstofconcentratie
inn het Calluna vulgaris-blad, wat betekende dat er minder fosfor en stikstof was
opgenomenn uit de bodem. Op het hoogtepunt van de zomerdroogte was de grootte
vann de microbiële biomassa afgenomen met 79%. Deze hoeveelheid komt neer op
65%% van de jaarlijkse fosforopname door de plant. De heideplanten konden echter
niett profiteren van de beschikbare fosfor. Een duidelijke aanwijzing daarvoor was de
verlaagdee fosforconcentratie in het blad. Dit betekent dat Calluna vulgaris een
zwakkee concurrent is voor micro-organismen als het gaat om de opname van
nutriëntenn na een zomerdroogte.
Inn hoofdstuk 5 is het effect van een verandering in plantbiomassa,
plantstrooiselproductie,, strooiselafbraaksnelheid en netto-fosformineralisatie in de
strooisellaagg als gevolg van een klimaatverandering op de koolstof- en fosforcyclus
inn het heide-ecosysteem 'de Oldebroekse heide' onderzocht. Plantbiomassaproductie
werdd gemonitord en een model werd ontwikkeld om de afbraak van de dagelijkse
strooiselproductiee tijdens een één- en vijfjarige periode te simuleren voor de
temperatuur-- en droogtebehandeling. Monte Carlo-simulaties werden gebruikt om
dee statistische waarde van de uitkomst van het model te beoordelen. Op de korte
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termijnn (één jaar) nam de koolstofopslag in de verse strooisellaag af ten gevolge van
dee verhoogde temperatuur, terwijl de hoeveelheid koolstof in plantbiomassa toenam.
Hett netto-effect hiervan was een toename in de hoeveelheid koolstof in deze twee
ecosysteemcompartimenten.. Op de langere termijn zal door de toenemende
strooiselproductie,, als gevolg van de toegenomen plantbiomassa, de hoeveelheid
koolstoff in de (relatief) verse strooisellaag toenemen. In de droogtebehandeling
neemtt zowel op de korte als langere termijn de hoeveelheid koolstof in de verse
strooisellaagg af. Samen met een afname in plantbiomassa leidt dit tot een afname in
dee koolstofopslag in deze twee ecosysteemcompartimenten. In beide behandelingen
werdd minder fosfor gemineraliseerd en de snelheid van de fosforcyclus door plant en
bodemm nam af. Afname in deze snelheden kan de plantengroei in de
temperatuurbehandelingg afremmen en in de droogtebehandeling nog verder
afremmen. .
Dee synthese geeft een completer beeld van het functioneren van een heideecosysteemm onder klimaatverandering door het bij elkaar brengen van de resultaten
uitt de vorige hoofdstukken en deze samen te voegen met andere resultaten,
verzameldd op de 'Oldebroekse heide' binnen de projecten CLIMOOR en VULCAN.
Ditt wordt gedaan op basis van de onderzoeksvragen zoals geformuleerd in de
introductie. .
Dee bescheiden temperatuursverhoging en zomerdroogte beïnvloedden het
ecosysteemm op verschillende aan elkaar gerelateerde manieren. Verhoogde
temperatuurr beïnvloedde plantengroei positief, maar de concentratie van fosfor in
dee bladeren nam af door de relatief grotere opname van koolstof dan fosfor.
Verhoogdee temperatuur resulteerde niet in meer fosformineralisatie in relatief vers
strooisell en beïnvloedde de grootte van de grootste fosforpool, de microbiële
biomassa,, niet. De fosformineralisatiesnelheden en de snelheid van de fosforcyclus
doorr de bestudeerde fosfor/>oo75 in het ecosysteem, namen zelfs af door de afname in
strooiselproductie.. De droogtebehandeling beïnvloedde plantengroei negatief en de
fosforconcentratiess in het blad namen af. Door het uitdrogen en daarna weer nat
wordenn van het strooisel nam de microbiële biomassa sterk af en was fosfor weer
beschikbaarr in de bodem. De planten konden hier echter niet van profiteren. De
afnamee in strooiselproductie en fosformineralisatie verminderde de snelheid van de
fosforcycluss door plant en bodem.
Dee koolstofopslag in de planten en in relatief vers strooisel in de bodem nam toe als
gevolgg van de temperatuurbehandeling, maar nam af als gevolg van de
droogtebehandeling. .
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Appendix x
Tablee 1 Description of the location.
Locationn
ASK Oldebroek, Oldebroekse heide, Community of Oldebroek, province of
Gelderland,, The Netherlands
Coordinatess
52°24' N, 5°55' E
Elevationn (m)
25
Slopee
almost flat (2%)
Groundwaterr class
VII
Plantt species
Calluna vulgaris, Molinia caerulea, Deschampsia flexuosa, Pinus sylvestris,
BetuhBetuh pendula, Empetrum nigrum, Juniperus communis
Parentt material
coversand; fluvioglacial deposits
Climatee
Temperate, humid
Tablee 2 Description of the soil profile.
Depthh (cm) Horizon
Description

Color (Munsel scale;
fieldd moist)

+44 - +3.5

L

Relatively fresh litter; abrupt and weavy boundary to F

+3.55 - +0.5

F

Dark brown fermentation layer; abrupt and wavy
boundaryy to H

+0.55 - 0

H

Black humus layer; slight admixture of bleached sand
grains;; abundant roots; abrupt and wavy boundary to AE

10 YR 2/1

0 - 4 / 88

AE

Bleached eluvial layer; frequent roots; clear and irregular
boundaryy to Bhs

10YR3/1

4/8-10/166

Bhs

Illuvial layer; few roots; clear and irregular boundary to
Bbs/BC C

10YR3/3

10/16-222

Bhs/BC

Illuvial layer; few roots; smooth and irregular boundary
too BC; mottling by former roots

10YR4/6

2 2 - 3 00

BC

Illuvial layer; few roots; abrupt and straight boundary to
2BhSb b

10 YR 6/6

300 - 44

2Bh5b

Burried illuvial layer; few roots; gradual and weavy
boundaryy to 2Bsb

10 YR 3/3

444 - 63

2Bsb

Burried illuvial layer; few roots; abrupt and straight
boundaryy to 3BhKjb

10 YR 4/3

63-711

3Bh.5,b

Burried illuvial layer; frequent fine and medium roots;
clearr and weavy boundary to 3Bsb

10 YR 1,7/1

711 - 81

3Bsb

Burried illuvial layer; frequent fine and medium roots;
graduall and inregular boundary to 3Bsb + 3BCb

10 YR 2/2

811 - 100+

3Bsb + 3 BCb

Burried illuvial layer; very few roots

10 YR 3/4
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Tablee 3 Total C, N, P and S concentration and pHüci and pHc3cu of the soil horizons.
horizonn
C,
N.
P,
S,
pH-KCl pH-CaCh
( m m o l k g 1 ))

(mmolkg 1 )

21614
1527

737.1
47.2

LFHH
AEE

(mmol kg ')

(mmolkg1)

ïïl
2.1

(1M)

47J
17.1

nd
3.11

(0,01 M )

Z96
3.13

Bhs s

486 6

19.2 2

1.5 5

16.3 3

3.49 9

3.45 5

BhVBC C
BC C

250 0

10.7 7

3.81 1

6.3 3

20.7 7
21.9 9

3.81 1

147 7

1.5 5
1.4 4

2Bhsbi i

544 4

19.2 2

2.2 2

26.3 3

4.27 7
4.11 1

4.12 2

381 1

11.2 2

1.7 7

23.1 1

4.34 4

4.10 0
3.91 1

3Bhsb2 2

4145 5

120 0

5.7 7

25.7 7

3.96 6

3.91 1

3Bsb2 2

1477 7
541 1

41.7 7

3.5 5

20.3 3

4.11 1

3.91 1

16.9 9

2.2 2

13.2 2

4.31 1

4.22 2

2Bsbi i

3B,b22 +3 B G . 2 2
(nd:: not cetermined) )

Tablee 4 Ammonium oxalate (o) extractable Al, Fe, P and S and pyrophosphate (p)
extractablee Al, Fe and organic carbon (CP).
horizon n

Alo o

Feo o

P., ,

S„ „

Po/ /

s,,/ /

(mmoll kg ') (mmoll kg ') (mmoll kg ') (mmoll kg '

LFH H

nd d
8.57 7

nd d
6.84 4

Bhs s

7.75 5

10.62 2

Bhs/BC C

14.64 4

6.58 8

0.53 3
0.55 5

BC C

17.12 2

4.51 1

2Bh-b] ]

39.51 1

2B,bi i
3Bhsb2 2

AE E

Alp p

Fe P P

CP P

(Alo+Fen ))
n (AL+Feo)
(mmoll kg '} (mmoll kg ') (mmol kg ')

nd d

nd d

nd d

nd d

nd d

nd d

0.78 8

0.37 7

0.050 0

0.024 4

9.80 0

7.04 4

nd d
230.67 7

0.63 3

0.029 9

0.034 4

11.05 5

12.75 5

221.79 9

0.026 6
0.025 5

0.026 6

15.34 4

5.91 1

156.54 4

0.55 5

0.55 5
0.68 8

9.46 6

1.06 6

0.96 6

0.022 2

0.031 1
0.020 0

20.51 1
43.48 8

3.49 9
9.12 2

39.04 4
212.84 4

10.06 6
138.49 9

0.65 5

0.84 4

0.013 3

0.017 7

48.02 2

3.61 1

3.45 5

0.010 0

0.010 0

216.82 2

105.88 8 1660.79 9

3Bsb2 2

103.70 0

70.25 5

0.012 2

0.014 4

116.82 2

70.14 4

785.54 4

83.95 5

10.09 9

2.03 3
0.98 8

2.37 7

3B,b2++ 3BCb2

1.10 0

0.010 0

0.012 2

85.37 7

9.76 6

339.37 7

(nd:: not determined)
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10.41 1

99.61 1
258.02 2
252.35 5
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plaatss wil ik namelijk iedereen bedanken die de afgelopen jaren een belangrijke rol
heeftt gespeeld, bewust of onbewust, in het slagen van dit onderzoek. Een aantal
mensenn wil ik hierbij in het bijzonder bedanken.
Allereerst,, mijn co-promotor Albert Tietema, voor zijn scherpe inzicht,
enthousiasmee en belangstelling zowel inhoudelijk als persoonlijk. Albert, jouw
vermogenn om scherp en bondig te formuleren, is mijn onderzoek zeker ten goede
gekomen.. Je bent een echte professional en ik bewonder je doorzettingsvermogen,
ookk in moeilijkere tijden, enorm. Je realiseert je misschien niet hoeveel je positieve
woorden,, als ik weer met een stukje tekst of idee kwam, voor me deden. Je hebt me
veell geleerd; daar ben ik je erg dankbaar voor.
Mijnn promotor, Koos Verstraten, jouw enthousiasme over 'ruwe' data is
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genoegg om enthousiast te worden. Waardoor ik altijd weer vol vertouwen in mijn
resultatenn je kamer verliet. Je bent zeer betrokken en hebt een groot vertouwen in
dee zelfstandigheid van je AIO's, daar mag je wat mij betreft best trots op zijn.
Alreadyy a few months after the start of my research I met the very inspiring group
off VULCANeers in Sitges, Spain. Their history together made them a very relaxed
group,, in which I felt very quickly at home. During this first meeting I was
introducedd into climate change research and the idea that is now the basis of my
thesiss was founded there. The nice atmosphere, including tapas and wine, really
raisedd my spirits. Every following meeting and workshop with this group stimulated
mee enormously and refueled my energy. Alwyn Sowerby, Inger K. Schmidt, Claus
Beier,, Bridget Emmett, Joseph Penuelas, Marc Estiarte, Ton Gorissen and all the
others:: thank you!
Kamergenotenn spelen natuurlijk een speciale rol in het dagelijkse leven op de UvA.
Sander,, Bart, Sam en Wim, bedankt voor al jullie gezelligheid. Femke en Sanneke, ik
betwijfell of kamergenoten ooit beter bij elkaar zullen passen dan wij. De serieuze en
gekkee momenten met jullie wisselden zich zo af, dat een dag zo weer voorbij was.
Zonderr jullie waren 'de laatste loodjes' zeker tien keer zo zwaar geweest. Tijdens de
eindelozee variaties op onze rondjes rond de UvA in de lunchpauze hebben we altijd
well iets te kletsen. Ik zal dit verschrikkelijk missen.
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Dee rest van mijn collega's voor de gezellige sfeer en in het bijzonder mede-AIO's:
Markk Lloyd Davis, Ulrich Leopold, Jan-Peter Lesschen, Klaske Grimmerink, Petri de
Willigenn en Jasper Vrught. Klaasjan en Boris, twee rotsen in de branding, of het nu
omm het organiseren van een borrel ging of serieuzere zaken.
Emiell van Loon, je was meteen in voor mijn idee voor een strooiselafbraakmodel, de
implementatiee in Matlab nam je voor je rekening. Het was prettig met je
samenwerken. .
Joke,, jouw gezelschap en tomeloze hulp in het lab en in het veld zorgde voor een
heell gezellige tijd. Alle keren dat ik weer aan een aantal zeer intensieve labweken
begon,, was jij er om bij te springen. Zonder al die honderden kopjes thee die we
samenn hebben gedronken en die jij in 99% van de gevallen verzorgde, was ik zeker
uitgedroogd.. De velddagen met jou en Albert, inclusief 'iets lekkers van de bakker'
warenn een welkome afwisseling.
Dee koffie bij Leen is natuurlijk ook een fenomeen. Leen: sommige mensen fungeren
alss lijm en jij bent er zo een! De tdr- en er 1 O-problemen in het veld, hebben je vaak
beziggehouden,, maar je beet je erin vast totdat ze opgelost waren.
Piett Wartenbergh, Leo Hoitinga en Ton van Wijk bedankt voor jullie hulp en al die
honderdenn analyses die jullie voor me hebben gedaan. Nico de Wilde de Ligny, je
zelfbereiddee lunch is voortreffelijk.
'Levensgevaarlijkk - schietterrein', hoe vaak heb ik deze woorden niet gelezen op weg
naarr mijn veldwerkgebied op het ASK-schietterrein 'de Oldebroekse heide' van de
Koninklijkee Landmacht. Gelukkig zijn we nooit geraakt. Alle mensen in 'de toren'
enn in het bijzonder adjudant Deenen, bedankt voor jullie gastvrijheid en ziehier het
resultaatt van zoals jullie het omschrijven 'het bestuderen van de groei van de heide'.
Vriendinnenn en vrienden: Inka, Femke, Riekje, Gertuud, Marieke, Robert, Martijn,
Marc,, Imke, Uif, Reinder en Anton. Al die gezellige avonden, die over alles behalve
werkk gingen, verzetten mijn zinnen.
Allez,Allez, allez ! 'Bleausards': weekendjes in Bleau voelden als een lange vakantie.
Mijnn ouders, ik dank jullie voor het grote vertrouwen dat jullie - ik vermoed al
vanaff mijn eerste stapjes - in mij hebben. Jullie steun en liefde is mij heel veel
waard.. Rein, je zit altijd vol verhalen, die de gang erin zetten. Kitty en Ger, het is
altijdd erg gezellig met jullie.
Enn als laatste, Arnold, mijn liefste, je bent er altijd voor me. Jouw vrolijkheid en
liefdee geven mij enorm veel energie!

Maartjee van Meeteren
Amsterdam,, augustus 2005
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