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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 difficul t 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 ! yr1) 
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 

LFH H 
AE/Bhs s 
BC C 
2Bhs s 

depthh (cm) 

++ 4 -0 
0-- 16 

16-30 0 
30-44 4 

pH™ ™ 

3.7 7 
3.8 8 
4.5 5 
4.9 9 

bulkk density 
(gg cm3) 
0.11 1 
1.69 9 
1.67 7 
1.69 9 

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

3.0.100 s 

P«.err «., 

(gm2) ) 
0.07 7 
0.05 5 
7.00 103 

7.11 103 

organicc C 

(gkg1) ) 
487.83 3 
13.86 6 
2.74 4 
0.72 2 

organicc N 

(gkg1) ) 
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 '). 

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 

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. Al l 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 
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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 NaHC03 (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 II I 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 

; ; 
B B 
C C J-2 J-2 

r--

S S 

-̂  ^ 

=5 5 
8 8 

B B 
39 39 

1400--
1200--
1000--
800--
600--
400--
200--

__ * 

— — 

19988 1999 2000 2001 2002 2003 

year r 

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. 

(a)) main shoot 

lengthh (cm) 
diameterr (cm) 

control l 

1.06" " 
0.68 8 

initial l 
drought t 

1.68b b 

0.68 8 

control l 

5.49 9 
0.51 1 

end d 
drought t 

5.90 0 
0.57 7 

% % 
control l 

518= = 
75 5 

increase e 
drought t 

351b b 

84 4 

(b)) branch 

lengthh (cm) 
diameterr (cm) 

control l 

3.53 3 
0.73 3 

initial l 
drought t 

3.58 8 
0.79 9 

control l 

7.86 6 
0.98 8 

end d 
drought t 

8.20 0 
0.96 6 

% % 
control l 

223 3 
134 4 

increase e 
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 m2, 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). 

988 99 2ÖÖÖ ~~ 2ÖÖÏ 2002 2ÖÖ3~ 

Leave s s 
P P 
N N 
C/P P 
C/N N 
Flower s s 

P P 
N N 
C/P P 
C/N N 
Stems s 

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

C C 

0.6 2 2 
13.9 4 4 

843 3 
38 8 

0.7 1 1 

11.2 0 0 
762 2 
48 8 

0.4 0 0 

7.4 4 4 

1280 0 

69 9 

D D 

0.6 3 3 
13.5 1 1 

826 6 
38 8 

0.80 * * 

12.41 ' ' 
678 * * 

43' ' 

0.38 ' ' 

7.15 » » 

1375 ' ' 
72' ' 

C C 

0.6 0 0 

14.2 6 6 
881 1 
37 7 

nd d 
nd d 
nd d 
nd d 

nd d 
nd d 
nd d 
nd d 

D D 

0.6 3 3 

4.0 3 3 
839* * 

38 8 

nd d 
nd d 
nd d 
nd d 

nd d 
nd d 
nd d 
nd d 

C C 

0.7 5 5 

15.8 9 9 

686 6 
33 3 

nd d 
nd d 
nd d 
nd d 

nd d 
nd d 
nd d 
nd d 

D D 

0.55 ' ' 

13.52 ' ' 

945 ' ' 
39' ' 

nd d 
nd d 
nd d 
nd d 

nd d 
nd d 
nd d 
nd d 

C C 

0.6 7 7 

12.9 9 9 

786 6 
41 1 

0.9 3 3 

11.2 9 9 

575 5 
47 7 

0.4 2 2 

6.6 2 2 

1260 0 

78 8 

D D 

0.61 ' ' 

11.37 ' ' 

877 ' ' 
47' ' 

0.87 * * 

10.88 ' ' 

616* * 

49' ' 

0.34 ' ' 

6.2 8 8 

1515 ' ' 

82 2 

C C 

0.7 2 2 

14.0 5 5 

734 4 
37 7 

0.8 4 4 

10.5 9 9 

632 2 
50 0 

0.3 7 7 

6.2 2 2 

1418 8 

83 3 

D D 

0.58 ' ' 

11.77 ' ' 

908 ' ' 

45' ' 

0.80 * * 

10.2 1 1 

667 ' ' 

53' ' 

0.3 9 9 

6.2 0 0 

1349 9 

84 4 

C C 

0.7 4 4 

14.7 7 7 

713 3 
35 5 

0.7 4 4 

10.8 7 7 

719 9 
49 9 

0.4 1 1 

6.8 2 2 

1240 0 

76 6 

D D 

0.61 ' ' 

13.51 ' ' 

870 ' ' 

39' ' 

0.7 5 5 

10.8 1 1 

719 9 
49 9 

0.35 ' ' 

6.26 * * 

1484 ' ' 

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), 

lik ee 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 
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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. —•— total N control; o— total N 
drought;; — T — total P control; ---V--- total P drought; — drought period 
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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. —•— Pi 
control;; o— Pi drought; —— drought period 
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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 2yr ' 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 yr1 (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 2yr ' (litterfall) + 50 mg P m 2 yr ' (roots) = 141 mg P m 2 yr1 (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 yr1) . Which 

meanss that the microbial derived P flush during the drought was 65% 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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