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Abstract 14 

Evaluating the response of soil organic matter decomposition to warming and changes 15 

in rainfall is critical to assess the likelihood of proposed positive feedbacks from the 16 

terrestrial to the atmospheric system. The response of soil respiration and extracellular 17 

activities (EEAs) to long-term warming and recurrent summer drought was studied in a 18 

wet shrubland ecosystem in Wales (UK), after 13 years of climate change simulation in 19 

a whole-ecosystem experiment. Over a year soil respiration, temperature and moisture 20 

was monitored in the field. During the summer season, coinciding with maximum soil 21 

respiration rates, soil inorganic N and P, microbial biomass and the extracellular 22 
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activities (EEAs) of a selection of enzymes involved in C, N and P cycling were 23 

analysed. Based on previous field measurements of C and N mineralization, we 24 

expected a stronger response of C-cycling EEAs, in comparison to N-cycling EEAs, to 25 

drought and warming, and a greater sensitivity of C-cycling EEAs to drought than to 26 

warming. Drought had a clear impact on soil respiration during the summer season. 27 

However, the availability of inorganic N or P was not significantly affected by the 28 

treatments. Microbial biomass and C:N ratio also remained unchanged. In contrast to 29 

one of our hypothesis, C-cycling EEAs measured under non-optimal conditions that 30 

simulated soil environment in the field (pH of 4.1 and with a temperature incubation of 31 

10ºC) showed no significant differences due to long-term warming and recurring 32 

drought treatments. Possibly, this assay approach may have obscured treatment effects 33 

on the soil enzyme pool. Our results highlight the need for developing methods for the 34 

in-situ analysis of EEAs to determine rates of reactions. 35 

Keywords: climate change; soil C; Calluna vulgaris; phenol-oxidase, -glucosidase; 36 

microbial C:N 37 

 38 

Highlights 39 

 Understanding soil organic matter decomposition is critical to forecast C fluxes 40 

 In a long-term climate change experiment drought stimulated soil respiration 41 

 Summer enzyme activities measured after 14 experimental years were not 42 

affected 43 

 In-situ enzyme analysis methods are needed to reconcile field and laboratory 44 

data 45 

 46 
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Contrasting response of summer soil respiration and enzyme activities to long-47 

term warming and drought in a wet shrubland (NE Wales, UK) 48 

 49 

1. Introduction 50 

Evaluating the response of soil organic matter (SOM) decomposition to warming and 51 

changes in rainfall is critical to forecast climate feedbacks under projected climate 52 

change scenarios (Christensen et al., 1999; Davidson and Janssens, 2006). The 53 

consideration of the long-term acclimation of those processes involved in SOM 54 

decomposition, such as enzymatic depolymerisation of organic compounds and 55 

microbial respiration, is therefore essential to formulate more realistic models of future 56 

C fluxes from soils to atmosphere. For this purpose, long-term climate change 57 

experiments are critically needed. 58 

Enzymatic depolymerisation is usually considered as one of the rate-limiting steps in 59 

SOM decomposition (Burns et al., 2013; Conant et al., 2011). Consequently, several 60 

experiments have measured the short- and long-term impact of some of the main 61 

climate change drivers - warming and drought - on soil extracellular enzyme activities 62 

(EEAs, reviewed by Henry, 2013). Most of these studies have been confined to well-63 

drained mineral soils, where drought often decreases potential EEAs (Sardans and 64 

Peñuelas, 2005; Sardans et al., 2008; Steinweg et al., 2012) or enzyme efficiency 65 

(Alster et al 2013). In contrast, in wet organic soils drought has been shown to increase 66 

the activity of hydrolyzing enzymes, increase the size of the soil dissolved organic 67 

carbon (DOC) pool and increase soil CO2 efflux (Fenner et al., 2005; Fenner et al., 68 

2007; Fenner and Freeman, 2011; Kwon et al., 2013), although this response might be 69 

dependent on the drought effect on soil pH (Xiang et al., 2013). In shallower organo-70 
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mineral soils, however, reduced soil moisture does not necessarily lead to an increased 71 

enzyme activity, which suggests that oxidase activity has an optimal moisture level 72 

(Toberman et al., 2008).   73 

In a long-term (13-year-old) field experiment assessing the impact of warming and 74 

summer drought in a wet shrubland, drought was shown to provoke a progressive 75 

stimulation of soil respiration in the organo-mineral soil, without signs of attenuation in 76 

a decadal time-scale, and with several indications of the increase in respiration having a 77 

heterotrophic origin (Domínguez et al., 2015; Sowerby et al., 2008). Analyses of soil 78 

EEAs during the first two years of climate manipulation revealed no impact of warming 79 

or drought in EEAs, which was in line with a modest change in C mineralization 80 

(Sowerby et al., 2005), and no change in N mineralization (Emmett et al., 2004). The 81 

aforementioned progressive increase in soil respiration and a progressive increase in 82 

DOC concentration within the drought plots (Sowerby et al., 2010) suggest that the 83 

activity of soil enzymes involved in C-cycling may have changed among treatments 84 

with time. In some organic-rich soils the increase in CO2 efflux in response to drought 85 

has been shown to be related to a general activation of hydrolases, due to the release of 86 

inhibition by phenolic compounds (Fenner and Freeman, 2011; Freeman et al,. 1997). 87 

Therefore, stimulation of the activity of other hydrolases, such as amino-peptidase and 88 

acid phosphatase, might be also expected in the drought treatment. 89 

In this work, respiration of this wet shrubland soil was monitored over a year, after 13 90 

years of climate change simulation. Soil EEAs, microbial biomass and inorganic N and 91 

P were also measured during the summer season. In agreement with the previously 92 

described stronger response of field soil respiration to drought than to warming, and 93 

with the relative insensitivity of N mineralization to air temperature increase reported 94 

for Calluna vulgaris shrublands (Beier et al., 2008) we hypothesized that: 1) drought 95 
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would have a greater long-term impact on soil EEAs and microbial biomass than 96 

warming, and  2) enzymes involved in C-cycling would show a clearer increase in 97 

activity than enzymes involved in N cycling in the drought treatment.. 98 

2. Material and methods 99 

Experimental set up and field measurements 100 

Whole ecosystem warming and summer drought treatments were established during 101 

1999 in an upland Atlantic shrubland dominated by Calluna vulgaris (L.) located in NE 102 

Wales (UK, 53º 03’ 19”N, 03° 27’ 55”W). Mean annual air temperature at the site is 8.2 103 

ºC, rainfall is 1700 mm, and potential evapotranspiration is 302 mm.  The soil at the site 104 

is an organic-rich humo-ferric Podzol, and has been classified as a Ferric stagnopodzol 105 

in the Hafren Series in the Soil Survey of England and Wales (Cranfield University, 106 

2014). The ecosystem has remained unmanaged and undisturbed over at least the last 25 107 

years, and has moved from a “mature” to “degenerate” phase of shrubland succession 108 

(Domínguez et al., in press). 109 

The experiment had a randomized block design with three replicate plots of 4 × 5 m 110 

allocated to the control, drought and warming treatments, respectively. Automated 111 

retractable roofs were used in the field to manipulate air temperature and rainfall (see 112 

Beier et al., 2004 for a full description). Briefly, the warming treatment consisted of a 113 

passive night-time system that used reflective aluminium curtains to cover vegetation at 114 

night, resulting in reflection of long-wave radiation and in a reduction of heat loss, 115 

which produced an increase of 0.2-2.0 ºC in mean monthly air temperature. The drought 116 

treatment consisted of waterproof polyethylene curtains triggered by a rain sensor that 117 

on average excluded 54 % of the rainfall between June and September (experimental 118 

drought period). Control, warming and drought plots received, on average, 1357, 1212 119 
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and 743 mm of rainfall, respectively, during the studied year (2102). There was no 120 

drought × warming treatment. 121 

During 2012, as for most preceding years, soil respiration was measured fortnightly in 122 

three plots per treatment (three measurements per plot) using a LI-8100 automated soil 123 

CO2 flux system (LI-COR, Lincoln, Nebraska USA), using 5 cm high collars 124 

permanently inserted 1 cm into the soil. Soil temperature and moisture were 125 

continuously recorded at 0–5 cm depth  with Reference Thermistor sensors (Probe 107, 126 

Campbell Scientific, Logan, UT, USA) and a Time Domain Reflectometer (TDR; 127 

CS616, Campbell Scientific, Logan, UT, USA), respectively. 128 

Soil sampling and chemical analyses 129 

In July 2012 (mid-summer, within the experimental drought period) a composite soil 130 

sample (0-10 cm depth) was obtained from each experimental plot by mixing three 131 

subsamples collected with a cylinder auger at three different locations within each of the 132 

plots to conduct enzyme assays. Therefore, there were three replicates per treatment for 133 

the subsequent soil analyses. Sampled soils had a high organic matter content (SOM > 134 

30 %), and included decomposing debris. Soils were transported to the lab in a 135 

refrigerated container, and kept between 2 and 4 ºC until enzyme assays were 136 

completed, within the following 72 hours. Prior to analysis roots were removed, and 137 

soils were sieved to < 2 mm. 138 

Nitrate and ammonium concentrations were determined in 0.5 M K2SO4 soil extracts 139 

spectrophotometrically. Dissolved organic carbon (DOC) was also determined in these 140 

extracts using a TOC-V-TN analyzer (Shimadzu Corp., Kyoto, Japan).  Molybdate reactive 141 

P was determined colorimetrically (Murphy and Riley, 1962) in Mehlich-3 soil extracts 142 

(Mehlich, 1984), using a microplate reader (Biotek, Winooski, VT, USA). Water-soluble 143 
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soil phenolics were determined spectrophotometrically using the Folin-Ciocalteau’s 144 

reagent, following the procedure described by Toberman et al. (2008). Total C and N 145 

content of bulk soil was analysed by dry combustion in a Leco CN-2000 Analyser (Leco 146 

Corp., St. Joseph, MI, USA). Organic matter content was estimated by combustion of 147 

the samples at 375 ºC for 16 h. 148 

Enzyme assays and microbial biomass analysis 149 

In each sample the potential activity of six different hydrolytic enzymes involved in C, 150 

N and P cycling was assayed using 4-methylumbelliferone (MUF) or 7-amino-4-methyl 151 

coumarin (AMC) linked-substrates: α-glucosidase, -glucosidase, N-acetyl--D-152 

glucosaminidase, cellobiohydrolase, acid phosphatase and leucine-aminopeptidase. The 153 

activity of these enzymes has been found to be particularly sensitive to increased 154 

oxygen availability during drying events in organic-rich soils (Fenner et al., 2011; 155 

Freeman et al., 2004). A protocol modified from that proposed by Freeman et al. (1995; 156 

1997) for peatland soils was used. With the objective of assessing whether the 157 

respiration response was related to increases in EEA reaction rates, measured under pH 158 

and temperature conditions similar to those occurring in the soil environment in the 159 

field, a buffer solution with a pH similar to that of bulk soil (50 mM acetate buffer 160 

solution, pH 4.6) was used, and incubation temperature was set to 10 ºC, which is 161 

similar to the average soil temperature during the summertime in all the treatments. 162 

Substrate concentrations and incubation times were selected based on previous analysis 163 

of substrate saturation curves determined for each enzyme at the same pH and 164 

temperature conditions in a set of soil samples from the site (Appendix, Table A1), to 165 

ensure that each hydrolytic enzyme was assayed under saturating conditions. Seven mL 166 

of substrate + buffer solution were added to 1 g of fresh soil and incubated in the dark. 167 

Then, soil suspension was transferred to centrifuge tubes, centrifuged for five minutes, 168 
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and 300 L-aliquots of the supernatant solution were transferred to 96-well plates for 169 

measurement of fluorescence using an excitation wavelength of 330 nm and an 170 

emission wavelength of 450 nm (Cary Eclipse Fluorescence Spectrophotometer, 171 

Agilent, Santa Clara, CA, USA). Addition of NaOH to improve fluorescence emissivity 172 

conditions was not necessary because of the high sensitivity of the equipment.  173 

Extracellular phenol oxidase activity was measured following the procedure proposed 174 

by Toberman et al. (2008) previously optimized for soils collected from the same 175 

location. Homogenates of 1 g of soil in 9 ml of ultra-pure water were prepared by gentle 176 

mixing in a vortex to minimise cell disruption. Aliquots of 300 L of these 177 

homogenates were diluted with 450 L of ultra-pure water, then 750 L of 10 mM  178 

dihydroxy phenylalanine (L-DOPA) were added to the homogenates, and then they 179 

were incubated during 9 min at 10 ºC, followed by centrifugation for 5 minutes. 180 

Absorbance of the supernatant (three aliquots of 300 L) was measured at 460 nm, and 181 

phenol oxidase activity calculated using Beer-Lambert´s Law, with a molar absorption 182 

coefficient for the L-DOPA product 3-dihydroindole-5,6-quinone-2-carboxylate (diqc) 183 

of 3.7 × 104  (Mason, 1948). Microbial biomass C and N was estimated using the 184 

chloroform fumigation-extraction method (Vance et al., 1987). 185 

Data analysis 186 

Repeated measures ANOVA was applied to test for significant differences in field soil 187 

respiration rates among treatments and over time. Linear mixed models were applied to 188 

microbial biomass, enzyme data and soil chemistry data, previously log-transformed to 189 

meet normality, with treatment as fixed factor and block as random factor, using SPSS v 190 

21. Significance level was fixed to p ≤ 0.05.   191 

 192 
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3. Results and discussion 193 

The drought treatment induced a decline in soil moisture, which was not limited to the 194 

experimental rainfall reduction period (June-September), but persisted throughout the 195 

year (Fig. 1). In contrast, warmed soils were wetter than control soils, likely due to an 196 

increase in bryophyte abundance in the warming treatment after the natural drought of 197 

2005 that changed soil water dynamics (Robinson et al., 2016). This increase in soil 198 

moisture in warmed soils could enhance water-excess conditions, which restricts 199 

oxygen diffusion to decomposition reaction sites and limits SOM decomposition 200 

(Fenner and Freeman 2011; Freeman et al. 2001). However, soil respiration rates were 201 

slightly higher under warming in comparison to the control treatment, although this 202 

increase was not statistically significant. The long-term warming effect on respiration 203 

found for this organo-mineral soil was therefore subtle, much lower than that reported 204 

for deeper organic soils in North Wales (Kim et al., 2012). 205 

In contrast to warming, drought had a significant year-round effect on soil CO2 efflux, 206 

enhanced during the summer season when increases in soil CO2 efflux were up to 50 mg 207 

C-CO2 m
-2 h-1  (repeated measures ANOVA: drought effect p = 0.044 - Tukey post-hoc 208 

test, compared to control-; time × treatment effect: p = 0.0005). 209 

As with the results obtained two years after treatment initiation, and in contrast to our  210 

first hypothesis, extracellular enzyme activities did not significantly differ among 211 

treatments after 13 years of climate manipulation (Fig. 2), neither on a dry soil basis nor 212 

when calculated as substrate used per microbial biomass unit (mass-specific activity, 213 

data not shown). Likewise, microbial biomass, microbial C:N ratio, water-extractable 214 

phenolics and soil nitrate, ammonium and available phosphate were similar among  215 

treatments (Table 1).  216 
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The lack of treatment effects on soil ammonium found here contrasts to the 70% 217 

decrease observed in the drought plots one year after treatment initiation (summer 218 

2000), which was interpreted as a consequence of a temporal shift in community 219 

composition (indicated by change in microbial C:N) towards increased fungal 220 

dominance, that enhanced the decomposition of substrates with higher C:N ratios 221 

(Jensen et al., 2003). In our study we did not find such pattern, likely because summer 222 

2000 was a specially wet season (rainfall of 340 mm for the June-August period, a 67 % 223 

greater than rainfall for the same period in 2012), when changes in soil N mineralisation 224 

between drought and control treatments might be particularly enhanced given the high 225 

sensitivity of N mineralization to water-excess conditions (Emmett et al., 2004). 226 

Despite field measurements suggesting enhanced SOM mineralization (greater soil 227 

respiration - Fig.1 -, and progressive increases in DOC concentration in soil water from 228 

the drought plots, Sowerby et al 2010), treatments had no effect on enzyme activities, 229 

measured under non-optimal conditions to simulate field soil environment (pH of 4.1 230 

and temperature incubation of 10 ºC). A possible explanation for these results is that the 231 

increases in soil respiration were simply caused by increases in microbial biomass or 232 

changes in the efficiency in the use of C substrates. In the laboratory analysis, however, 233 

we did not detect any change in microbial biomass among treatments, nor a change in 234 

the C:N ratio in microbial biomass, which could have indicated a shift in the 235 

composition of the microbial community and, possibly, a change in its substrate use 236 

efficiency.  237 

In addition, the increases in soil respiration could be also due to an increase in the 238 

autotrophic component, or in the supply of labile C compounds to microorganism from 239 

plant roots, stimulating microbial respiration. However, there are indications that 240 

respiration changes are likely driven by heterotrophic processes, as root biomass was 241 
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not significantly greater in the drought plots (Domínguez et al., 2015), and C 242 

translocation belowground was reduced by 40 % in the drought treatment, as found in a 243 

14C pulse-labelling experiment (Gorissen et al. 2004). Another possible explanation is 244 

that the in-situ response of soil respiration to the treatments is related to changes in 245 

other C-processing enzymes, not analysed in this work. 246 

It is important to note that it is not possible to conclude that there were no treatment 247 

effects on the soil enzyme pool because the assays were not run under optimal 248 

conditions. Possibly, if assays were conducted under those conditions that maximise 249 

hydrolytic enzyme activities (typically, at 20-30 ºC and using pH buffer with pH< 5), 250 

differences in EEAs might be significant. With optimal pH and temperature conditions, 251 

enzyme assays give information about the size of the pool of active enzymes, which is 252 

determined by the balance between the rates of enzyme production by microbes and the 253 

rates of enzyme degradation in the soil environment. The non-optimised approach, in 254 

contrast, attempts to mimic the soil environment in order to estimate enzyme reaction 255 

rates at natural pH and temperature conditions (German et al., 2011; Burns et al., 2013). 256 

These two approaches might produce very different results. Therefore, in our study the 257 

potential effect of the treatments on enzyme activity might be obscured by the use a 258 

non-optimised enzyme assay. We expected, however, that if treatment provoked a large 259 

effect on the soil enzyme pool this would be detectable with our assay conditions, given 260 

that several works with wet organic soils have shown that enzyme assays conducted at 261 

similar conditions (pH and temperature set to represent field conditions) can detect 262 

significant changes in enzyme reaction rates in response to a range of factors, such as 263 

simulated drought (Fenner and Freeman 2001; Freeman et al., 1997), CO2 enrichment 264 

(Fenner et al., 2007) or increased oxygen availability (Freeman et al., 2004).  In any 265 

case, several works have reported no effects of climate change treatments on soil 266 



12 
 

enzyme pool (analysed using the optimized approach), despite clear in-situ effects of 267 

these climate change drivers on C and N mineralization (Bell et al., 2010; Jing et al., 268 

2014; Steinweg et al., 2013). 269 

4. Conclusions 270 

Under field conditions, recurrent summer droughts had a profound effect on soil 271 

respiration in wet organo-mineral soils, producing larger increases in CO2 emissions 272 

than long-term warming, which suggested enhanced C mineralization in the drought 273 

treatment. Treatments had no effect on C-cycling enzyme reaction rates, measured 274 

under non-optimised pH and temperature conditions that simulated the soil environment 275 

in the field. Therefore, significant effects on the soil enzyme pool cannot be completely 276 

excluded, because the assays were not run under optimal conditions. Our results 277 

highlight the need for developing and applying methods for in-situ analysis of EEAs to 278 

advance our understanding of the impact of these drivers on SOM decomposition.  279 

Acknowledgements 280 

We thank all the CEH staff members who have contributed to the experiment 281 

establishment and maintenance over the years. This research was funded by the EU 282 

project FP7-INFRASTRUCTURE-2008-1 (Grant Agreement no. 227628) – the 283 

INCREASE project. M.T.D was supported by two postdoctoral fellowships awarded by 284 

the Spanish Government (National Science and Technology Foundation and Juan de la 285 

Cierva fellowship). 286 

 287 

References 288 



13 
 

Alster, C.J., German, D.P., Lu, Y., Allison, S.D., 2013. Microbial enzymatic responses 289 

to drought and to nitrogen addition in a southern California grassland. Soil Biol. 290 

Biochem. 64, 68–79.  291 

Beier, C., Emmett, B., Gundersen, P., Tietema, A., Peñuelas, J., Estiarte, M., Gordon, 292 

C., Gorissen, A., Llorens, L., Roda, F., Williams, D., 2004. Novel approaches to 293 

study climate change effects on terrestrial ecosystems in the field: drought and 294 

passive nighttime warming. Ecosystems 7, 583–597.  295 

Beier, C., Emmett, B.A., Peñuelas, J., Schmidt, I.K., Tietema, A., Estiarte, M., 296 

Gundersen, P., Llorens, L., Riis-Nielsen, T., Sowerby, A., Gorissen, A., 2008. 297 

Carbon and nitrogen cycles in European ecosystems respond differently to 298 

global warming. Sci. Total Environ. 407, 692–697.  299 

Bell, T.H., Klironomos, J.N., Henry, H.A.L., 2010. Seasonal responses of extracellular 300 

enzyme activity and microbial biomass to warming and nitrogen addition. Soil 301 

Sci. Soc. Am. J. 74, 820–828.  302 

Burns, R.G., DeForest, J.L., Marxsen, J., Sinsabaugh, R.L., Stromberger, M.E., 303 

Wallenstein, M.D., Weintraub, M.N., Zoppini, A., 2013. Soil enzymes in a 304 

changing environment: Current knowledge and future directions. Soil Biol. 305 

Biochem. 58, 216–234.  306 

Christensen, T.R., Jonasson, S., Callaghan, T. V, Havström, M., 1999. On the potential 307 

CO2 release from tundra soils in a changing climate. Appl. Soil Ecol. 11, 127–308 

134.  309 

Conant, R.T., Ryan, M.G., Ågren, G.I., Birge, H.E., Davidson, E.A., Eliasson, P.E., 310 

Evans, S.E., Frey, S.D., Giardina, C.P., Hopkins, F.M., Hyvönen, R., 311 



14 
 

Kirschbaum, M.U.F., Lavallee, J.M., Leifeld, J., Parton, W.J., Megan Steinweg, 312 

J., Wallenstein, M.D., Martin Wetterstedt, J.Å., Bradford, M.A., 2011. 313 

Temperature and soil organic matter decomposition rates – synthesis of current 314 

knowledge and a way forward. Glob. Chang. Biol. 17, 3392–3404.  315 

Cranfield University. 2014. The Soils Guide. Available: www.landis.org.uk. Cranfield 316 

University,UK (http://www.landis.org.uk/services/soilsguide/series.cfm?serno=755). 317 

Davidson, E.A., Janssens, I.A., 2006. Temperature sensitivity of soil carbon 318 

decomposition and feedbacks to climate change. Nature 440, 165–173. 319 

Domínguez, M.T., Sowerby, A., Smith, A., Robinson, D., Van Baarsel, S., Mills, R.E., 320 

Marshall, M., Koller, E., Lebron, I., Hall, J., Emmett, B., 2015. Sustained impact 321 

of drought on wet shrublands mediated by soil physical changes. 322 

Biogeochemistry 122, 151–163.  323 

Domínguez, M.T., Smith, A.R., Reinsch, S., Emmett, B.A. Inter-annual variability of 324 

soil respiration in wet shrublands: do plants modulate its sensitivity to climate? 325 

Ecosystems (in press). 326 

Emmett, B.A., Beier, C., Estiarte, M., Tietema, A., Kristensen, H.L., Williams, D., 327 

Peñuelas, J., Schmidt, I., Sowerby, A., 2004. The response of soil processes to 328 

climate change: results from manipulation studies of shrublands across an 329 

environmental gradient. Ecosystems 7, 625–637.  330 

Freeman, C., Ostle, N., Kang, H., 2001. An enzymic “latch” on a global carbon store. 331 

Nature 409, 149. 332 



15 
 

Fenner, N., Freeman, C., Reynolds, B., 2005. Hydrological effects on the diversity of 333 

phenolic degrading bacteria in a peatland: implications for carbon cycling. Soil 334 

Biol. Biochem. 37, 1277–1287.  335 

Fenner, N., Freeman, C., Lock, M.A., Harmens, H., Reynolds, B., Sparks, T., 2007. 336 

Interactions between elevated CO2 and warming could amplify DOC exports 337 

from peatland catchments. Environ. Sci. Technol. 41, 3146–3152.  338 

Fenner, N., Freeman, C., 2011. Drought-induced carbon loss in peatlands. Nat. Geosci 339 

4, 895–900. 340 

Freeman, C., Liska, G., Ostle, N.J., Jones, S.E., Lock, M.A., 1995. The use of 341 

fluorogenic substrates for measuring enzyme activity in peatlands. Plant Soil 342 

175, 147–152.  343 

Freeman, C., Liska, G., Ostle, N.J., Lock, M.A., Hughes, S., Reynolds, B., Hudson, J., 344 

1997. Enzymes and biogeochemical cycling in wetlands during a simulated 345 

drought. Biogeochemistry 39, 177–187.  346 

Freeman, C., Ostle, N.J., Fenner, N., Kang, H., 2004. A regulatory role for phenol 347 

oxidase during decomposition in peatlands. Soil Biol. Biochem. 36, 1663–1667.  348 

German, D.P., Weintraub, M.N., Grandy, A.S., Lauber, C.L., Rinkes, Z.L., Allison, 349 

S.D., 2011. Optimization of hydrolytic and oxidative enzyme methods for 350 

ecosystem studies. Soil Biol. Biochem. 43, 1387–1397.  351 

Gorissen, A., Tietema, A., Joosten, N.N., Estiarte, M., Peñuelas, J., Sowerby, A., 352 

Emmett, B.A., Beier, C., 2004. Climate change affects carbon allocation to the 353 

soil in shrublands. Ecosystems 7, 650-661. 354 



16 
 

Henry, H.A.L., 2013. Reprint of “Soil extracellular enzyme dynamics in a changing 355 

climate.” Soil Biol. Biochem. 56, 53–59.  356 

Jensen, K.D., Beier, C., Michelsen, A., Emmett, B.A., 2003. Effects of experimental 357 

drought on microbial processes in two temperate heathlands at contrasting water 358 

conditions. Appl. Soil Ecol. 24, 165–176.  359 

Jing, X., Wang, Y., Chung, H., Mi, Z., Wang, S., Zeng, H., He, J.-S., 2014. No 360 

temperature acclimation of soil extracellular enzymes to experimental warming 361 

in an alpine grassland ecosystem on the Tibetan Plateau. Biogeochemistry 117, 362 

39–54.  363 

Kim, S.-Y., Freeman, C., Fenner, N., Kang, H., 2012. Functional and structural 364 

responses of bacterial and methanogen communities to 3-year warming 365 

incubation in different depths of peat mire. Appl. Soil Ecol. 57, 23–30.  366 

Kwon, M.J., Haraguchi, A., Kang, H., 2013. Long-term water regime differentiates 367 

changes in decomposition and microbial properties in tropical peat soils exposed 368 

to the short-term drought. Soil Biol. Biochem. 60, 33–44.  369 

Mason, H.S., 1948. The chemistry of melanin III. Mechanism of the oxidation of 370 

dihydroxyphenylalanine by tyrosinase. J. Biol. Chem. 172, 83–99. 371 

Mehlich, A., 1984. Mehlich-3 soil test extractant: a modification of Mehlich-2 372 

extractant. Commun Soil Sci. Plant Anal. 15,1409–1416. 373 

Robinson, D.A., Jones, S.B., Lebron, I., Reinsch, S., Domínguez, M.T., Smith, A.R., 374 

Jones, D.L., Marshall, M.R., Emmett, B.A., 2016. Experimental evidence for 375 

drought induced alternative stable states of soil moisture. Sci. Rep. 6, 20018. 376 



17 
 

Sardans, J., Peñuelas, J., 2005. Drought decreases soil enzyme activity in a 377 

Mediterranean Quercus ilex L. forest. Soil Biol. Biochem. 37, 455–461.  378 

Sardans, J., Peñuelas, J., Estiarte, M., 2008. Changes in soil enzymes related to C and N 379 

cycle and in soil C and N content under prolonged warming and drought in a 380 

Mediterranean shrubland. Appl. Soil Ecol. 39, 223–235.  381 

Sowerby, A., Emmett, B., Beier, C., Tietema, A., Peñuelas, J., Estiarte, M., Meeteren, 382 

M.J.M. Van, Hughes, S., Freeman, C., 2005. Microbial community changes in 383 

heathland soil communities along a geographical gradient: interaction with 384 

climate change manipulations. Soil Biol. Biochem. 37, 1805–1813.  385 

Sowerby, A., Emmett, B.A., Tietema, A., Beier, C., 2008. Contrasting effects of 386 

repeated summer drought on soil carbon efflux in hydric and mesic heathland 387 

soils. Glob. Chang. Biol. 14, 2388–2404.  388 

Sowerby, A., Emmett, B.A., Williams, D., Beier, C., Evans, C.D., 2010. The response 389 

of dissolved organic carbon (DOC) and the ecosystem carbon balance to 390 

experimental drought in a temperate shrubland. Eur. J. Soil Sci. 61, 697–709.  391 

Steinweg, J.M., Dukes, J.S., Paul, E.A., Wallenstein, M.D., 2013. Microbial responses 392 

to multi-factor climate change: effects on soil enzymes. Front. Microbiol. 4, 146.  393 

Steinweg, J.M., Dukes, J.S., Wallenstein, M.D., 2012. Modeling the effects of 394 

temperature and moisture on soil enzyme activity: linking laboratory assays to 395 

continuous field data. Soil Biol. Biochem. 55, 85–92.  396 

Toberman, H., Evans, C.D., Freeman, C., Fenner, N., White, M., Emmett, B.A., Artz, 397 

R.R.E., 2008. Summer drought effects upon soil and litter extracellular phenol 398 



18 
 

oxidase activity and soluble carbon release in an upland Calluna heathland. Soil 399 

Biol. Biochem. 40, 1519–1532.  400 

Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring 401 

soil microbial biomass C. Soil Biol. Biochem. 19, 703–707.  402 

Xiang, W., Wan, X., Yan, S., Wu, Y., Bao, Z., 2013. Inhibitory effects of drought 403 

induced acidification on phenol oxidase activities in Sphagnum-dominated 404 

peatland. Biogeochemistry 116, 293–301.  405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 



19 
 

 420 

Figure captions 421 

 422 

Fig. 1 Soil respiration change (symbols, mean ± standard error, right axis) and soil 423 

moisture change (difference from control treatment; lines, left axes) in the experimental 424 

drought and warming plots. 425 

  426 

Fig 2 Extracelullar enzyme activities in the soils from the experimental treatments 427 

(mean + standard error). b–glu: –glucosidase; NaG: N–acetyl––D–glucosaminidase ; 428 

Cell: cellobiohydrolase; a–glu: –glucosidase; Phos: acid phosphatase; Pep: leucine–429 

aminopeptidase; PheOx: phenol–oxidase. 430 
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Table 1 Soil pH, DOC, C:N, available N and P, and microbial biomass and C:N ratio 440 

(mean ± standard error) in the control, drought and warming treatments. There were no 441 

significant differences among treatments for these variables (linear mixed models, 442 

treatment effect non-significant). SOM = soil organic matter; DOC = dissolved organic 443 

carbon. 444 

  Treatment 

 

Control Drought Warming 

pH 4.14 ± 0.02 4.02 ± 0.06 3.97 ± 0.24 

C:N 25.0 ± 0.4 26.2 ± 0.6 26.5 ± 0.3 

NH4
+ (mg kg-1) 13.9 ± 0.7 13.1 ± 4.3 18.5 ± 1.0 

NO3
- (mg kg-1) 25.6 ± 0.1 23.1 ± 2.9 27.6 ± 3.2 

P (mg kg-1) 33.7 ± 17.4 44.8 ± 10.6 48.0 ± 2.8 

DOC (mg kg-1) 59.1 ± 3.5 65.1 ± 33.5 63.1 ± 21.8 

Phenolics  (mg kg-1) 7.41 ± 0.86 8.27 ± 2.15 6.83 ± 1.63 

Microbial biomass (mg kg-1) 2680 ± 404 3204 ± 441 2815 ± 230 

Microbial biomass (mg g SOM-1) 7.12 ± 0.49 7.48 ± 0.20 6.51 ± 1.24 

Microbial C:N 6.65 ± 0.73 6.11 ± 0.65 6.61 ± 1.02 

 445 


