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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; Dill y 

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 

limitin gg 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. 

Material ss 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 liftin g 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 '). 

c c 
543 3 

N N 

11.81 1 

P P 

0.61 1 

Ca a 

3.53 3 

Mn n 

0.20 0 

C/NN ratio 

46 6 

N/PP ratio 

19 9 

lignin n 

563 3 

Cellulose e 

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, N-

NH<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 kg' dayA 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) ' h1) 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: 

YY = i+  t*T + m*M (2.1) 

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 {Swif t et al., 1979) (eq. 2.2): 

X,, = Xo*ek 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. Al l 

testss were performed with the SPSS General Linear Model procedure (SPSS Inc., 

2001)) using type II I 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*Mfo r 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 

CO2 2 

9CO2 2 

microC C 

microN N 

microP P 

PP min 

NN min 

nitr r 

period period 

0-48 0-48 
48-206 48-206 

0-48 0-48 
48-206 48-206 

0-48 0-48 
48-206 48-206 

048 048 
48-206 48-206 

0-48 0-48 
48-206 48-206 

0-48 0-48 
48-206 48-206 

0-48 0-48 
48-206 48-206 

0-48 0-48 
48-206 48-206 

rr 2 2 

0.594 4 
0.529 9 

0.6220 0 
.575 5 

0.429 9 
0.163 3 

0.679 9 
0.157 7 

0.685 5 
0.071 1 

0.461 1 
0.120 0 

0.7130 0 
.073 3 

0.399 9 
0.085 5 

Intercept Intercept 

161.96 6 
536.55 5 

-1.32103 3 

-8.54-103 3 

247.45 5 
11.20 0 

26.08 8 
-0.26 6 

2.49 9 
0.42 2 

1.11102 2 

0.39 9 

0.34 4 
0.64 4 

0.48 8 
-1.74-100 2 

t t 

24.87 7 
25.09 9 

6.72-103 3 

8.57-103 3 

-9.53 3 
0.72 2 

-1.12 2 
0.21 1 

2.70-102 2 

2.33-102 2 

5.23-10-2 2 

-1.69102 2 

0.31 1 
-4.69-100 2 

4.93102 2 

-4.91-103 3 

m m 

15.13 3 
18.85 5 

1.74-103 3 

3.14-103 3 

1.58 8 
-1.12 2 

0.28 8 
-8.055 102 

0.34 4 
2.89-10-2 2 

1.30102 2 

-4.16-103 3 

0.15 5 
6.37-100 2 

3.04102 2 

1.54-102 2 
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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). 

100 0 

DJO O 

90--

80 0 

70 0 

60 0 

II 48 days I I 206 days 

«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 

moist t 

kk value 

r2 2 

5--

50 0 

0.09 9 

0.99 9 

5--

100 0 

0.19 9 

0.95 5 

5--

200 0 

0.32 2 

0.98 8 

10--

50 0 

0.20 0 

0.96 6 

10--

100 0 

0.27 7 

0.92 2 

10--

200 0 

0.38 8 

0.91 1 

15--

50 0 

0.33 3 

0.95 5 

15--

100 0 

0.43 3 

0.97 7 

15--

200 0 

0.51 1 

0.95 5 

20--

50 0 

0.50 0 

0.92 2 

20--

100 0 

0.59 9 

0.94 4 

20--

200 0 

0.57 7 

0.89 9 

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 
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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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Figuree 2.5 Temperature (°C) response of (a and b) net P mineralization, (c and d) net N 
mineralizationn and (e and f) nitrification from day 0 to 48 and day 48 to 206. —•— 50% of 
moisture;; • 100% of moisture; —o— 200% of moisture Note the different scale of y-
axes.. 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; Dill y 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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