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a b s t r a c t

The interactive effects of global change drivers (e.g. climate change, nitrogen deposition, and elevated
CO2) on soil microbial activity have important implications for ecosystem carbon and nutrient cycling.
However, these interactions have primarily been explored in single-year, single-factor studies despite
the reality of multiple simultaneous global changes. We measured the activity of six enzymes
(b-glucosidase, a-glucosidase, cellobiohydrolase, xylosidase, acid phosphatase, and N-acetylglucosamini-
dase) for 3 years (2004–2006) following wildfire (2003) at the Jasper Ridge Global Change Experiment
(JRGCE), a long-term multi-factor global change experiment in a California annual grassland. JRGCE
manipulations include climate change (elevated temperature and precipitation), nitrogen addition, and
elevated CO2. In general we found only minimal interactions among treatments and found the strongest
main effects from nitrogen addition and burning. Enzyme activities increased under elevated nitrogen, a
response that persisted throughout the 3 years of the study. Wildfire was slightly related to decreased
enzyme activities (by 10–20%) in 2004, with a larger decrease (by 25–50%) in 2005. The response was gone
by 2006, suggesting that the microbial community was able to recover by 3 years following wildfire.
Finally, enzyme responses to treatments, even where statistically significant, were of smaller magnitude
than annual variation in activity. We propose that overall decreases in enzyme activity from 2004 to 2006
were due to decreased temperature and increased precipitation in 2005 and 2006 relative to 2004. Our
results suggest that while it is important to assess response to specific global change treatment and
treatment interactions, these responses (A) may change over time and (B) should be characterized within
the context of inter-annual fluctuation in microbial community function.

& 2010 Elsevier GmbH. All rights reserved.

Introduction

Microbial communities, through diverse metabolic activities,
are major drivers of soil nutrient cycling (Balser et al., 2001).
Microbial metabolic activities can be altered by many global
change factors such as climate change, nitrogen deposition,
elevated carbon dioxide, or disturbance (Dhillion et al., 1996;
Ajwa et al., 1999; Mayr et al., 1999) and shifts in microbial activity
can in turn lead to changes in decomposition, nitrogen miner-
alization, organic carbon storage, and other ecosystem processes
(Carreiro et al., 2000; Sinsabaugh et al., 2002; Sowerby et al.,
2005). Predicting microbial metabolic responses to these factors is
thus essential for understanding the underlying mechanisms of
how global change will affect soil and ecosystem function. Toward
predicting these responses it is important to take into considera-
tion the complexities of future global change – interactions

among multiple factors, interactions between global change
drivers and natural disturbance regimes such as wildfire, and
how microbial responses may vary over time.

Although many single-factor experiments have shed light on
the underpinnings of microbial response to global change, there is
a need to study microbial activity within the context of multiple,
interacting global change factors and annually fluctuating weath-
er conditions (Carmona-Moreno et al., 2005; IPCC, 2007).
Specifically, the activity of extra-cellular enzymes, excreted by
soil microorganisms to decompose large polymeric compounds
and thus acquire nutrients, may be a key metabolic process
indicating changing microbial function or soil quality (Marx et al.,
2001; Garcı́a-Ruiz et al., 2008). Extra-cellular enzyme activities
may be closely related to the corresponding soil nutrient
availability (Saa et al., 1993) or amount of carbon degradation
(Waldrop and Firestone 2004; Waldrop et al., 2004; Henry et al.,
2005). With regard to future global change, elevated CO2 can
increase extra-cellular enzyme activities by increasing microbial
demand for nitrogen and phosphorus (Dhillion et al., 1996; Mayr
et al., 1999; Ebersberger et al., 2003). Furthermore, nitrogen
addition can increase microbial carbon demand, resulting in
increased activity of carbon degrading enzymes (Ajwa et al., 1999;
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Carreiro et al., 2000; Saiya-Cork et al., 2002; Sinsabaugh et al.,
2002; Allison and Vitousek, 2005). The reality of global change,
however, is that these drivers will interact and could lead to
different or less predictable results than each factor alone
(Kandeler et al., 1998; Henry et al., 2005; Barnard et al., 2006).
Nitrogen addition alone, for example, may increase soil microbial
activity, while elevated CO2 may act to mitigate or reduce this
nitrogen response (Henry et al., 2005; Barnard et al., 2006).

A current increase in wildfire frequency and severity is a
possible consequence of these multiple, interacting global change
drivers (Flannigan et al., 2006; IPCC, 2007). Thus, investigations of
how microbial communities respond to wildfires in addition to
other global change drivers (e.g. increasing atmospheric CO2,
nitrogen addition) are also relevant. Fire can either directly
(through mortality of soil organisms) or indirectly (through
changes in soil nutrient status) alter the soil microbial community
(Hart et al., 2005). These fire-induced changes may be more or
less dramatic, or persist for varying lengths of time from one or
two growing seasons up to 15 or 20 years, depending on a variety
of factors such as fire severity, intensity, or seasonality (Hart et al.,
2005; Turner et al., 2007). An understanding of how microbial
communities respond to fire will become increasingly important
as the long-term history of fire exclusion combined with climate
change may exaggerate or alter historic fire regimes (Westerling
et al., 2006). For instance, a microbial community adapted to fire
every 2 years (very frequent) may respond to fire differently than
a community not adapted to frequent fire, such as an increase in
bacterial to fungal ratio or a decrease in enzyme activity that
recovers within 1 or 2 years (relatively rapidly; Hart et al., 2005).
This fire-adapted microbial community may then respond
differently or function differently (such as higher rates of
N-mineralization or changes in enzyme activity) under fire
suppression or changes to the historic regime (Boerner et al.,
2006; Grady and Hart, 2006). Microbial responses to wildfire may
also change under conditions such as elevated CO2, nitrogen
deposition, or climate change, again highlighting the importance
of investigating multiple interacting factors (Balser et al., 2001).

Finally, even among studies that examine multiple interacting
global change factors, few have studied microbial responses for
more than one growing season. Variation caused by seasonal
oscillations in weather over time significantly affects microbial
community structure and function (Ebersberger et al., 2003;
Mentzer et al., 2006; Jin and Evans 2007), as well as changing
responses to global change manipulations (Ebersberger et al.,
2003). Year to year climate variation may also change the
intensity of treatment effects (Saiya-Cork et al., 2002). Neglect
of seasonal trends can lead to misinterpretation of results
(Boerner et al., 2005), and in much the same way neglect of
inter-annual variation could lead to misinterpretation or over-
generalization of results that may have been particular to one
growing season.

In this study we take into consideration four interacting global
change factors over a 3-year time course, with wildfire as a case
study of how disturbance regimes interact over time with global
change drivers. Specifically, we measured soil enzyme activity in
spring for 3 years at the Jasper Ridge Global Change Experiment
(JRGCE), a long-term multi-factor global change experiment in a
California annual grassland. We had two objectives: First, to
investigate the effect of multiple interacting global change drivers
on microbial enzyme activities during 3 years of continuous
treatment and second, to assess microbial extra-cellular enzyme
response and recovery for 3 years following a wildfire that spread
through a portion of the experiment (here recovery is defined as
the same enzyme activity levels between burned and non-burned
plots). We hypothesized that enzyme activity would fluctuate
inter-annually (Fig. 1A), with treatment responses superimposed

on these fluctuations. Specifically, we predicted that chronic
nitrogen addition or elevated CO2 would elicit consistent changes
in enzyme activity relative to annual fluctuation (Fig. 1B).
In contrast, we predicted that the effects of warming or water
addition would vary annually based on ambient climate or other
factors (Fig. 1C). Lastly, we predicted that responses to fire, an
episodic disturbance, would dampen over time (Fig. 1D).

Materials and methods

Field site and experimental design

This study took place at the Jasper Ridge Global Change
Experiment (JRGCE), situated in the Jasper Ridge Biological
Preserve, in the eastern foothills of the Santa Cruz Mountains of
California (371400N, 122120W). The region experiences a Mediter-
ranean-type climate with a cool wet growing season from
November to May and a hot dry summer from June to October.
During the years of this study, 2004 was a relatively dry year
while 2005 and especially 2006 were cooler with substantially
more precipitation than the 30 year average (Fig. 2).

The JRGCE is located on a fine, mixed, thermic Typic
Haploxeralf. It consists of weathered alluvium from the Franciscan
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Fig. 1. Hypothetical microbial response to treatment and variation over time. The y-
axis represents measured microbial activity while the x-axis represents time after
disturbance. Arrows within each panel represent the time point at which the
treatment or disturbance occurs. Four possible scenarios are represented: (A) the
context of microbial activity fluctuation over time due to ambient conditions
(variation in temperature and moisture – dotted line in all panels); (B) consistent
chronic response that shows the same pattern despite ambient changes in microbial
activity (e.g. nitrogen addition or elevated CO2); (C) inconsistent responses that may
change over time in response to ambient changes in climate; and (D) consistent
acute response to disturbance that disappears over time (e.g. fire).
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complex and is very deep and well drained (125–150 cm;
Kashiwagi, 1985). The soil has a loam texture with a pH ranging
from 6.5 to 7.0, approximately 3% (30 g kg!1) organic matter and a
cation exchange capacity of 9.5 meq (100 g soil)!1. The site is
dominated by annual non-native C3 grasses Avena barbata and
Avena fatua with Bromus hordeaceus and Lolium multiflorum
present to a lesser extent. Non-native forbs (e.g. Geranium
dissectum, Erodium botrys, and Crepis vesicaria) and native annual
forbs (e.g. Hemizonia congesta ssp. luzulifolia and Epilobium
brachycarpum) are also present. Perennials constitute less than
10% of total biomass in most quadrants, with native grasses
Danthonia californica and Nassella pulchra being the most common
perennials.

The JRGCE consists of four treatments designed to mimic a
range of global change drivers (CO2, temperature, nitrogen, and
precipitation), each at two levels (ambient and elevated) in a full
factorial design. Treatment levels are based on future global
change scenarios (Shaw et al., 2002; IPCC, 2007). Treatments are
organized in a randomized block split-plot design, with CO2 and
warming administered factorially at the plot level and nitrogen
and water additions assigned factorially to the four quadrants
within each plot (n=8 for each of 16 treatment combinations

totaling 128 experimental plots). Plots are separated by a 0.5 m
belowground barrier. CO2 is elevated to approximately 680 ppm
by free air carbon dioxide enrichment (FACE) ring emitters
surrounding each plot (circular plots, 3.14 m2 area), which deliver
pure CO2 at the canopy level (Miglietta et al., 2001a, b). Plots are
warmed by approximately 1 1C at the canopy and soil surface
using overhead infrared heaters. Nitrogen is applied as Ca(NO3)2
in two applications, as nitrogen deposition could occur mainly as
nitrate in our system (Shaw et al., 2002). A liquid application
2 g N m!2 is applied at first rainfall (mid-November) to simulate
pulse responses that occur with soil wet-up in arid ecosystems
(McCrackin et al., 2008). Then, 5 g N m!2 is applied by hand as a
granular slow-release fertilizer each January to simulate the
constant input of N deposition. This is a relatively high treatment
so that we can fully assess the potential impacts of nitrogen
deposition near urbanized areas such as the JRGCE. Precipitation
is elevated by augmenting each ambient rain event by 50% with
drip irrigation and overhead sprinklers, with two additional rain
events simulated in the spring to extend the rainy season by
approximately 3 weeks. Treatments began in the fall of 1998 and
still continue.

In the summer of 2003, a wildfire burned two blocks of the
experiment. This was a rapid, low severity fire typical of wildfires
in California annual grasslands that ashed above ground litter in
the plots. After the burn 6 non-burned blocks remained, with n=6
for each original treatment (total n=96). The ‘burn experiment’
has 4 replicates each of burn only, elevated CO2, nitrogen, and
precipitation in a smaller full factorial design (total n=32;
warming treatments were removed). Removal of the warming
treatments was done based on an assumption that there would be
no legacy effect of the elevated temperature plots that would
influence results in the new ‘experiment’, which appears to be a
valid assumption based on previous JRGCE results (Henry et al.,
2005).

Enzyme assays

Each year, roughly coinciding with peak plant biomass, a fresh
sample was taken from each quadrant of the JRGCE experiment
and homogenized for analysis (n=128 each year, for a total of
384 samples collected and assayed). In 2004, 10 cm deep cores
were taken and assayed the same day of sampling (22 March–2
April; Henry et al., 2005) whereas in 2005 (25–27 April) and 2006
(28 April), cores were taken and refrigerated before assaying
(up to 10 days). Also, in 2005, samples came from slightly deeper
(15 cm) cores. Sampling and assays were performed by Henry
et al. (2005) in 2004, but in the following years sampling
strategies at the JRGCE had to be reconciled to meet the needs
of several research groups and assaying the same day as sampling
was not feasible. Method testing to determine effects of re-
frigeration or depth showed that variation in sample handling
was insignificant (P40.1), based on least means squared ANOVA
and Student’s T-test for pair-wise correlations (Table S1). An
exception was b-glucosidase activity, which was significantly
lower following refrigeration (by 13%, P=0.006) and lower at the
deeper 15 cm core depth (by 9%, P=0.0467). Phosphatase activity
was also marginally lower after refrigeration (by 10%, P=0.08).
Results of method testing were taken into consideration when
interpreting and discussing results.

The method used to determine enzyme activity followed
Sinsabaugh et al. (2003) for each year of the study. Briefly, 1 g soil
was added to 125 ml of 50 mM pH 7 Tris buffer (close to soil pH).
Soil suspensions were stirred vigorously for approximately 1 min
before and during addition of 200 ml to 96 well plates in eight
replicate wells (one column). Soil suspensions were then assayed
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Fig. 2. Soil temperature, precipitation (precip), and soil moisture for 2004–2006
growing seasons. For soil temperature (a), hourly average temperature data are
measured and collected at 10 cm depth in each plot by TDR probes in each plot of
the JRGCE. Hourly averages in non-treated plots were then used to calculate
monthly averages for each year. Unfortunately there is no available 30-year
average data for soil temperature. Precipitation data (b and c) are collected daily
near the JRGCE at the Jasper Ridge Biological Preserve. Precipitation data are
presented both as monthly averages (b) and cumulative precipitation (c). Soil
moisture data (d) are an average of non-treated plots on the date of soil sampling
(22 March–2 April in 2004, 25–27 April in 2005, and 28 April in 2006). Error bars
represent one standard error of the mean.
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for six enzymes involved in carbon, nitrogen, or phosphorus
cycling (Table 1). Following addition of soil slurry, 50 ml of 200 mM
4-methylumbelliferone linked enzyme substrates was added
to soil slurries to start the reaction. Eight replicate wells were
also included for blanks (only buffer), negative controls (only
substrate solution or soil slurry with buffer), quench standards
(4-methylumbelliferone with soil slurry), and reference standards
(4-methylumbelliferone with buffer). Fluorescence (cleaved
4-methylumbelliferone) was measured after addition of 10 ml of
0.5 M NaOH solution after incubation at 23 1C for 1 h (bgluc, AP,
and NAG) or 4 h (agluc, CBH, bxylo) using a microplate
fluorometer with 365 nm excitation and 450 nm emission
filters. Extra-cellular enzyme activity was then calculated as
nmol substrate cleaved (g ODE soil)!1 h!1 (oven dry equivalent,
based on drying at 105 1C).

Specific enzyme activity was determined by dividing
extra-cellular enzyme activity by microbial lipid biomass
(nmol substrate cleaved (g ODE soil)!1 h!1 (nmol lipid

biomass)!1 (oven dry equivalent)). Lipid biomass was determined
based on a fatty acid methyl ester (FAME)–PLFA extraction
(Smithwick et al., 2005). Briefly, membrane lipids were extracted,
purified, and identified using steps from a modified Bligh and Dyer
(1959) technique for lipid extraction (2:1 chloroform:methanol),
combined with fatty acid methyl ester (FAME) analysis as described
by Microbial ID Inc. (Hayward, CA). For more detailed methods of
lipid analysis and results, refer to Gutknecht and Balser (2010).

Statistics

Statistics were conducted on enzyme activity and specific activity.
In order to account for 3 years of data from the split-plot design of
the JRGCE, the mixed procedure platform was used to overlay
repeated measures analysis onto the proc mixed analysis of variance
using the covtest parameter for variance–covariance estimates (SAS
Institute, 1999). Independent variables included CO2, nitrogen,
precipitation, temperature, and all possible interaction terms, in
order to test both single and multiple treatment effects (e.g.
nitrogen"precipitation). Data were log distributed for all enzymes
assayed, for both total and specific activities, based on ‘goodness of
fit’ of distribution Shapiro–Wilk tests (JMP software, SAS Institute,
2005), and thus analyses were performed on log10-transformed data.

Results

In general, we found relatively few significant interactions and
some single-factor effects (Tables 2 and 3). In addition, treatment

Table 1
Enzymes assayed and their respective general function.

Enzyme Enzyme function Abbreviation EC number

b-glucosidase Cellulose degradation bgluc 3.2.1.21
Cellobiohydrolase Cellulose degradation CBH 3.2.1.91
b-xylosidase Xylan degradation bxyl 3.2.1.37
b-N-glucosaminidase Chitin degradation NAG 3.1.6.1
a-glucosidase Starch degradation agluc 3.2.1.20
Acid phosphatase Polyphosphate degradation AP 3.2.3.2

Table 2
P-values from repeated measures proc mixed statistics on log transformed enzyme activities or specific enzyme activities to determine treatment effects

log10 activity (nmol (g ODE soil)!1)

bgluc agluc CBH bxylo NAG AP

C 0.480 0.595 0.349 0.731 0.232 0.494
H 0.943 0.612 0.895 0.934 0.945 0.756
W 0.047n 0.170 0.279 0.039n 0.310 0.326
N o0.001nn 0.027n 0.001n o0.001nn 0.046n o0.001nn

t o0.001nn o0.001nn o0.001nn o0.001nn o0.001nn o0.001nn

H"W 0.257 0.075 0.222 0.461 0.995 0.577
C"H 0.480 0.985 0.247 0.413 0.422 0.573
C" t 0.275 0.419 0.769 0.840 0.784 0.006nn

H" t 0.369 0.636 0.384 0.802 0.750 0.171
C"H"N 0.032n 0.661 0.894 0.210 0.844 0.023n

C"W"N 0.759 0.851 0.959 0.745 0.305 0.863
H"W"N 0.150 0.496 0.938 0.383 0.031n 0.978
C"H" t 0.003n o0.001nn 0.028n o0.001nn 0.221 0.108
C"H"W"N 0.941 0.344 0.560 0.335 0.386 0.693
C"H"W" t 0.207 0.504 0.991 0.451 0.891 0.072

log10 specific activity (nmol (g ODE soil)!1 (nmol lipids)!1)

C 0.672 0.306 0.834 0.923 0.615 0.229
H 0.190 0.033n 0.190 0.224 0.038n 0.029n

W 0.339 0.543 0.857 0.3366 0.893 0.967
N 0.011n o .001nn 0.008nn 0.005nn 0.284 0.017n

t o0.001nn o0.001nn o0.001nn o0.001nn o0.001nn o0.001nn

H"W 0.453 0.187 0.471 0.756 0.521 0.687
C"H 0.162 0.183 0.909 0.488 0.250 0.040n

C" t 0.637 0.885 0.928 0.879 0.209 0.0641
H" t 0.195 0.302 0.186 0.333 0.022n 0.008
C"H"N 0.296 0.864 0.210 0.473 0.099 0.846
C"W"N 0.443 0.327 0.502 0.786 0.056 0.117
H"W"N 0.011n 0.059 0.066 0.091 0.009nn 0.130
C"H" t 0.023n 0.008nn 0.002nn 0.019n 0.323 0.269
C"H"W"N 0.705 0.878 0.879 0.955 0.078 0.649
C"H"W" t 0.558 0.479 0.970 0.224 0.419 0.262

Repeated measures statistics were performed within the mixed procedure in SAS. Bold numbers are significant at Po0.05. C=elevated CO2, H=elevated temperature,
W=elevated water, N=elevated nitrogen, and t=time (years); ndenotes significance at Po0.05; nn denotes significance at Po0.01. Note that interaction terms are presented
here only if they are statistically significant for one or more enzymes (Po0.1), for either activity or specific activity.
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effects on specific enzyme activity (activity divided by microbial
biomass) were similar to those of total enzyme activity for the
main global change factors (Table 2, Fig. 3B), but not for
interactions between global change factors and burning (Table 3).

Microbial function over time

Overall, enzyme activity in ambient plots decreased from 2004
to 2005 for all enzymes except bgluc and AP, by 17% (bxylo), up to
43% (agluc), and 55% (CBH and NAG) (Fig. 3A). In contrast, from
2005 to 2006, enzyme activities decreased by 46–66% (CHB, NAG,
and bgluc in order of % decrease) or approximately 80% (AP, bxylo,
and agluc; again based on untransformed, total activity; Fig. 3A).

Response to nitrogen addition and elevated CO2

Extra-cellular enzyme activity responded more to nitrogen
addition than other global change drivers (Table 2). Nitrogen
addition increased hydrolytic enzyme activity for all years
examined (2004–2006; Fig. 3A). While there were few main
effects from elevated CO2 on extra-cellular enzyme activity, there
were interactive effects between elevated CO2 and climate change
manipulations, which are discussed in the next section (Table 2).

Response to warming and precipitation treatments

Enzyme activity decreased with water addition for all
enzymes, but was statistically significant only for bgluc and bxylo
activities (Table 2). The water addition effect also changed in
significance over time and increased some activities in 2006
(agluc and AP, Table 2).

There was a significant interaction between elevated CO2,
warming, and time (Table 2). In 2005 there was an interaction
between elevated CO2 and warming only for enzymes involved in
carbon acquisition (bgluc, agluc, CBH, and bxylo; Fig. 4). While
the separate elevated CO2 and warming treatments were
correlated with decreased activity for these enzymes in 2005,
elevated CO2 coupled with warming had no significant effect on
activity. In 2004 and 2006 there was no effect of elevated CO2 or
warming (Fig. 4).

Activity following wildfire

Following the 2003 burn, interactions between burning,
elevated CO2, and time-since-burn were significant (Table 3). In
the burned plots, enzyme activities were lower than in non-
burned plots in 2004 and 2005, but this was only statistically
significant in 2005, 2 years after burning (Table 3, Fig. 5), where
the activity was approximately 50–75% of activity in non-burned
plots. By 2006, the third year after burning, only AP activity still
showed significantly different activity in the burn plots (then
showing an increase versus a decrease, Fig. 5). During all 3 years
there was also an interaction between burning and elevated CO2,
and we observed that elevated CO2 with burning reduced enzyme
activity more than elevated CO2 alone (Fig. 5). This interaction
was especially significant in 2005, the second year after burning
(Fig. 5). With regard to specific enzyme activity we found similar
trends of burn effect over time, where the response was the
strongest in 2005. We also found a significant interaction between
burning, elevated CO2, and nitrogen addition on specific enzyme
activity, where activity increased under burning (where burning
alone decreased both general and specific enzyme activities)
when combined with elevated CO2 and nitrogen addition

Table 3
P-values from repeated measures proc mixed statistics on log transformed enzyme activities or specific enzyme activities to determine burn treatment effects

log10 activity (nmol (g ODE soil)!1)

bgluc agluc CBH bxylo NAG AP

B 0.102 0.414 0.166 0.165 0.121 0.133
B"C 0.986 0.771 0.788 0.866 0.333 0.715
B"W 0.256 0.014n 0.167 0.178 0.627 0.801
B"N 0.681 0.822 0.786 0.583 0.704 0.721
B" t o0.001nn o0.001nn 0.296 o0.001nn 0.001n o0.001nn

B"C"W 0.145 0.558 0.932 0.753 0.777 0.099
B"W"N 0.040n 0.180 0.533 0.407 0.241 0.274
B"C"N 0.844 0.283 0.241 0.368 0.117 0.693
B"C" t 0.012n 0.031n 0.089 0.021n 0.262 o0.001nn

B"W" t 0.136 0.248 0.685 0.527 0.903 0.371
B"C"N" t 0.671 0.282 0.185 0.633 0.530 0.477

log10 specific activity (nmol (g ODE soil)!1 (nmol lipids)!1)

bgluc agluc CBH bxylo NAG AP
B 0.298 0.337 0.346 0.351 0.034n 0.639
B"C 0.583 0.879 0.912 0.452 0.824 0.383
B"W 0.544 0.375 0.939 0.334 0.460 0.714
B"N 0.470 0.488 0.590 0.944 0.990 0.543
B" t o0.001nn 0.528 0.046n 0.993 o0.001nn 0.007nn

B"C"W 0.895 0.438 0.467 0.550 0.403 0.031n

B"W"N 0.037n 0.076 0.022n 0.050n 0.135 0.157
B"C"N 0.548 0.027n 0.016n 0.069n 0.037n 0.262
B"C" t 0.080n 0.147 0.003nn 0.420 0.297 0.079n

B"W" t 0.054n 0.273 0.175 0.276 0.450 0.597
B"C"N" t 0.388 0.073n 0.080n 0.298 0.075n 0.508

Repeated measures statistics were performed within the mixed procedure in SAS. Bold numbers are significant at Po0.05. B=burn, C=elevated CO2, H=elevated
temperature,W=elevated water, N=elevated nitrogen, and t=time (years); ndenotes significance at Po0.05; nndenotes significance at Po0.01. Note that three- or four-way
interaction terms are presented here only if they are statistically significant for one or more enzymes (Po0.1), for either activity or specific activity.
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(Table 3). This interaction was most significant in 2005, the
year when the response to burning was the greatest (Table 3,
Fig. 5).

Discussion

In this study we investigated microbial enzyme activity
response to simulated global change, taking into consideration
the complex future reality of interactions among multiple factors,
natural disturbance regimes such as wildfire, and how microbial
enzyme activities may vary over time. Overall we actually found
limited sensitivity of extra-cellular enzyme activities to interac-
tions between global change drivers and found that main
treatment effects responded differently over time. We therefore
focus the discussion on main treatment effects, briefly discussing
the few significant interactions we observed. We also compare
responses to different treatments based on our predictions (Fig. 1).

Microbial function over time as a context for interpreting treatment
effects

We found that extra-cellular enzyme activity tracked ambient
weather from year to year, and that treatment responses were of
smaller magnitude within this context of fluctuation (Figs. 2 and 3).
Specific activity (enzyme activity per microbial biomass) changed
similarly from year to year, suggesting that in this California
annual grassland microbial biomass and activity both shift
dynamically at this timescale. A limitation of this study was that
bgluc and AP activities were lower due to sampling and storage
conditions in 2005 and 2006 and it is possible that enzyme
activity was underestimated (Table S1). However, even though
the decrease in activity from 2004 to 2005 might be attributed

to differences in sampling and storage conditions, the decrease
in 2006 is much larger than could be accounted for by sampling
variation and is better explained by variability in ambient
weather.

An annual decrease in total and specific enzyme activities with
cooler and wetter conditions is not surprising and is consistent
with several studies from different ecosystems (Kang and Free-
man, 1999; Waldrop and Firestone, 2004; Sowerby et al., 2005).
Further, microbial activity levels are often determined by the
same factors that limit or control plant growth in an ecosystem
(Boerner et al., 2005; Sowerby et al., 2005; Jin and Evans, 2007). In
the California annual grassland system, spring rain and tempera-
ture are the dominant controls influencing plant biomass and
maturation date (Schoenherr, 1992; Dukes et al., 2005). Accord-
ingly it is reasonable to expect that temperature and precipitation
are also strong controls on microbial activity and that activity
may be lower in a cool, rainy year such as 2006.

Response to nitrogen addition

The significant increase in enzyme activity in nitrogen-
amended soils during all 3 years of this study was similar to the
multi-year response of soil enzymes to nitrogen deposition
demonstrated by Saiya-Cork et al. (2002) from a study of maple
forest soil. Our results also agree with findings to date from other
ecosystems (for example Ajwa et al., 1999 – tall-grass prairie;
Sinsabaugh et al., 2002 – mixed hardwood forest), despite the
relatively high load of nitrogen deposition as nitrate given in our
experiment. It has been proposed that nitrogen deposition may
increase microbial demand for carbon and phosphorus, thus
increasing soil enzyme activities and specific enzyme activity for
the acquisition of carbon and phosphorus (Ajwa et al., 1999;

Lo
g 1

0 a
ct

iv
ity

 (n
m

ol
 g

 O
D

E 
so

il)
-1

 hr
-1

Lo
g 1

0 s
pe

ci
fc

 a
ct

iv
ity

 (n
m

ol
 g

 O
D

E 
so

il-1
) hr

-1
 nm

ol
 li

pi
d-1

)

(e) NAG

2004 2005 2006

(e) NAG

(f) AP

2004 2005 2006

(f) AP

Activity Specific Activity

(a)   gluc

(b)   gluc

(a)    gluc

(b)    gluc

A ABA CD

AA
B B CD

A BA C D D

ABC ABC DE AA
BB

C

CC

D

0.5
1
1.5
2

0.5
1
1.5
2
2
2.5
3
3.5

2
2.5
3
3.5

0

1
2

0

1
2

2
2.5
3
3.5

2
2.5
3
3.5

0

1
2

0

1
2

0

1
2

0

1
2

(c) CBH

A A B B

(d)    xylo

D C

AA
BBC BC

A A B B
C C

AB
CC DD

A A B B
C C

0
0.4
0.8
1.2

0
0.4
0.8
1.2

0.5
0.9
1.3
1.7

0.5
0.9
1.3
1.7

1.5
1.9
2.3
2.7

1.5
1.9
2.3
2.7

1.3
1.7
2.1
2.5

1.3
1.7
2.1
2.5

0.6
1

1.4
1.8

0.6
1

1.4
1.8

0.5
0.9
1.3
1.7

0.5
0.9
1.3
1.7

(c) CBH

AB
CC DE

(d)   xylo

AB C C DE

ambient +N ambient +N

Fig. 3. General enzyme activities and nitrogen treatment effects over time. Microbial enzyme activity (panel A) or specific activity (panel B), averaged over ambient or
elevated nitrogen, is shown and presented as log10 activity (nmol substrate cleaved (g ODE soil)!1 h!1 (oven dry equivalent)), or log10 specific activity (nmol substrate
cleaved (g ODE soil)!1 h!1 (nmol lipid)!1 (oven dry equivalent)), respectively. Error bars represent one standard error of the mean (n=6). Bars with the same letter are not
significantly different. P-values of treatment differences are presented in Table 2. Note differences in y-axis values between the various enzyme activities, allowed to vary
for better visualization of results.

J.L.M. Gutknecht et al. / Pedobiologia ] (]]]]) ]]]–]]]6

Please cite this article as: Gutknecht, J.L.M., et al., Inter-annual variation in soil extra-cellular enzyme activity in response to simulated
global change and fire disturbance. Pedobiologia (2010), doi:10.1016/j.pedobi.2010.02.001

file://localhost/Users/jessie/Desktop/Papers%20to%20read!%20(and%20file)/dx.doi.org/10.1016/j.pedobi.2010.02.001


ARTICLE IN PRESS

Saiya-Cork et al., 2002; Sinsabaugh et al., 2002; Waldrop et al.,
2004; Henry et al., 2005; Allison and Vitousek, 2005). These
effects on enzyme activity are consistent with the strong effect of
nitrogen deposition on annual net primary production and other
ecosystem processes across years in this nitrogen-limited system
(Dukes et al., 2005).

This consistently strong nitrogen response despite annual
fluctuation in total enzyme activity is in agreement with our
prediction (Fig. 1B) and may be explained by consistently low
variation in background nitrogen deposition. In other words, there
is a low level of ambient variability in nitrogen addition that
would interplay with the nitrogen addition treatment effect, as
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opposed to climate manipulation that is inherently overlaid onto
high variability in ambient weather.

Response to climate manipulation (elevated temperature and water)

Overall, we observed smaller and more variable response over
time to climate treatments (water addition and warming) than to

treatments that affect resource availability directly (e.g. nitrogen).
It is possible that while extra-cellular enzyme activities are
sensitive to overall year-to-year changes in weather, they are less
sensitive to changes in precipitation or temperature alone.
Further, this fluctuation in response is consistent with our
prediction that responses that are dependent on or interacting
with ambient conditions are more variable than the response to
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nitrogen addition, which may be less dependent on ambient
weather (Fig. 1).

Water addition decreased enzyme activities significantly in
2004 (for more detail see Henry et al., 2005) but this trend was
not present over the longer time course of our study (Table 2).
Water addition is thought to decrease enzyme activity in a water-
limited system such as ours by increasing enzyme efficiency
(Henry et al., 2005). We propose that the greater rainfall and soil
moisture in 2005 and especially 2006 resulted in a less
pronounced water treatment effect on enzyme activity. In wetter
years the additional water from treatment may have a lower
relative effect, perhaps with less percent increase in moisture and
less change in water stress, than in dry years. In dry years
any added water would be a large percent increase and thus a
large environmental change for the microbial community,
perhaps lessening water stress to a greater degree. Thus there
could be less apparent effect of water addition in wet years versus
dry years.

The other climate manipulation, warming, showed little effect
alone on enzyme activities but did show an interactive affect with
elevated CO2. This is another trend that may be represented by
our predicted ‘inconsistent response’ (Fig. 1C), despite our
prediction that CO2 would elicit a consistent response much like
nitrogen addition. Elevated temperature may increase microbial
activity by altering substrate availability or substrate use, while
elevated CO2 may alter soil microbial activity indirectly through
increasing plant belowground carbon allocation (Balser et al., in
press). The temperature by CO2 interaction was seen in 2005, and
only for enzymes involved in carbon degradation (bgluc, agluc,
bxylo, and CBH; Fig. 4, Table 2). We saw a decrease in carbon
degradation enzymes under elevated CO2 or warming, but no
change in enzyme activity with warming and elevated CO2

together. This mitigation of effect under combined warming and
elevated CO2 is consistent with modeling efforts (Pendall et al.,
2004). It is reasonable that interactions between elevated CO2

and warming may change from year to year with ambient
weather variability (as discussed with water addition). In an
incubation experiment, Kandeler et al. (1998) also reported
unpredictability in CO2 by temperature interactions and further,
there may be changes in soil microclimate that alter the
response to elevated CO2, temperature, or their interaction
(Pendall et al., 2008).

Response to grassland wildfire

The grass fire in 2003 was an opportunistic treatment that
allowed us to assess recovery of microbial community activity
following fire. Here, because the burn was accidental and
we could not explicitly assess ‘pre-’ and ‘post-’ fire burning, we
define recovery as a return to the same activity levels between
burned and non-burned plots. Overall the response of enzyme
activities to burning suggests a short-term (3 year) pulse
response that dampens over time (meaning a significant initial
response that lessens over time and then disappears). This
initial pulse response appears to have an associated potential
increase in nutrient availability and associated decrease in total
and specific enzyme activities during this initial pulse response
(Fig. 1D).

We found that the burn resulted in slightly reduced enzyme
activity in 2004 (1 year after the burn), a much larger reduction in
enzyme activity in 2005, and the apparent elimination of a burn
effect by 2006 (Fig. 5). This progression suggests a short-pulse
response that disappears relatively quickly (here, in 3 years), and
is consistent with studies by Boerner et al. (2005) and Zhang et al.
(2005), who found few significant effects on enzyme activity

2 and 8 years after burning, respectively. Recovery time for
microbial communities after fire may depend on fire severity in
relation to the historical fire regime of the ecosystem in question
(Saa et al., 1993; Fioretto et al., 2005). The fire in our experiment
was of low severity typical of California annual grasslands (Henry
et al., 2006), where aboveground biomass was consumed and
surface litter was ashed. With this type of low-severity fire little
heat is transferred downward, minimizing the direct effect of heat
on microbial death and soil properties and causing shorter-term
changes in microclimate and nutrient pulses (Raison, 1979;
DeBano et al., 1998; Hart et al., 2005). Thus we might expect
this kind of transient impact from short-term changes in nutrient
availability and soil microclimate.

Prior to recovery after the wildfire we saw lower total and
specific activities in all enzymes assayed (bgluc, agluc, bxylo,
CBH, NAG, and AP). A decrease in carbon acquisition enzymes
after fire is likely related to changing carbon availability
(Saa et al., 1993; Eivazi and Bayan, 1996; Ajwa et al., 1999;
Boerner et al., 2000). Plant biomass was higher in burn plots in
2004 (Henry et al., 2006), potentially resulting in greater litter
input for the 2005 season. An increase in litter with an associated
large input of labile carbon (leached through litter decomposition)
could increase C availability, decrease microbial C demand, and
thus explain the decrease in enzyme activity in 2005 (Sinsabaugh
et al., 2002; Henry et al., 2005). This is consistent with other
studies showing a connection between aboveground biomass and
belowground extra-cellular enzyme activity after fire (Boyle et al.,
2005; Hart et al., 2005). The response of phosphorus or nitrogen
acquisition enzymes could be dependent on factors other than
litter production, such as nutrient dynamics or fire intensity or
severity (Saa et al., 1993; Boerner et al., 2000; Hart et al., 2005).
For instance, Ajwa et al. (1999) suggested that differential
nutrient pulses after burning could result in higher or lower
activity of various enzymes. In this study therefore there may
have been an increase not only in carbon but also in nitrogen and
phosphorus availability (also suggested by aboveground data at
our study site; Henry et al., 2006), resulting in lower activity of all
enzymes and also lowering enzyme production (specific activity)
by the soil microorganisms.

In addition to generally decreased enzyme activities in 2005
we also observed an interaction between elevated CO2 and
burning, where the decrease in enzyme activity under elevated
CO2 was stronger in unburned plots (Fig. 5). This again could be
explained by the previous year’s litter production trends. In 2004
there was a significant interaction of the burn and elevated CO2 on
net primary productivity, such that the suppressive effect of CO2

on productivity was alleviated in burned plots (Henry et al., 2006).
This would lead to larger than usual increases in litter production
in burned plots with elevated CO2, and thus lead to greater labile
carbon leaching and a decrease in enzyme activity. Similarly,
burning may mitigate effects of elevated CO2 on root production
(Day et al., 2006), also perhaps mitigating effects of elevated CO2

on enzyme activity. Further, we saw an interactive effect on
specific enzyme activity when burning was combined with both
elevated CO2 and nitrogen addition (Table 3). The three factors
increased specific activity more than nitrogen addition alone and
mitigated the negative effect of burning. As we have described,
burning may result in nutrient pulses that combined with
elevated CO2 and nitrogen addition may push the microbial
community toward faster turnover (as suggested by lower
apparent biomass) and increased enzyme activity per biomass.
Alternatively, this trend could have been circumstantial because
microbial biomass trends in our study were driven by AMF
lipid biomass (composing 20–25% of microbial biomass) that
was substantially lower under nitrogen addition (Gutknecht and
Balser, 2010).
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Conclusions

Overall we saw significant annual variation in enzyme
activities, with treatment effects nested within larger annual
patterns. We propose thus that understanding ambient commu-
nity fluctuations over inter-annual timescales, and the controls on
those fluctuations, is a crucial context for understanding soil
microbial response to long-term simulated global change or
disturbance. Toward this end, we suggest patterns that may
emerge over time between different types of treatment affects
(Fig. 1). Our data also suggest that fires of low severity may
produce short-pulse changes in extra-cellular enzyme activity,
which recover relatively rapidly.

Nitrogen addition and burning appeared to have the strongest
influence on microbial activity, with elevated CO2 as a potential
modifier of these and other effects. Also, the impact of climate
manipulation appeared to depend on annual ambient weather
conditions. Water additions to soil in an already wet year had less
effect than water additions in a dry year, again highlighting the
importance of understanding controls on ambient community
fluctuation and how this in turn changes response to treatments.
Together these results suggest that further exploration of how and
why treatment effects vary annually in relation to ambient
community fluctuation is crucial in assessing future impacts of
global change and disturbance on soil communities.
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