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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 

wil ll  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 
wil ll  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 

104 4 



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 limi t 

plantt biomass increase in response to the heating treatment and further limi t 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 wil l 

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 wil l 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 wil l 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 wil l 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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