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Abstract
Tropical dry forests are already undergoing changes in the quantity and timing of rainfall, but there is
great uncertainty over how these shifts will affect belowground carbon (C) cycling.While it has long
been known that dry soils quickly release carbon dioxide (CO2)upon rewetting, themechanisms
underlying the so-called ‘Birch effect’ are still debated.Here, we quantified soil respiration pulses and
their biotic predictors in response to simulated precipitation events in a regenerating tropical dry
forest inCosta Rica.We also simulated the observed rewettingCO2 pulses with two soil carbon
models: a conventionalmodel assuming first-order decay rates of soil organicmatter, and an enzyme-
catalyzedmodel withMichaelis–Menten kinetics.We found that rewetting of dry soils produced an
immediate and dramatic pulse of CO2, accompanied by rapid immobilization of nitrogen into the
microbial biomass.However, themagnitude of the rewettingCO2 pulsewas highly variable atfine
spatial scales, andwaswell correlatedwith the size of the dissolved organic Cpool prior to rewetting.
Both the enzyme-catalyzed and conventionalmodels were able to reproduce the Birch effect when
respirationwas coupled directly tomicrobial C uptake, althoughmodels differed in their ability to
yield realistic estimates of SOC andmicrobial biomass pool sizes and dynamics. Our results suggest
that changes in the timing and intensity of rainfall events in tropical dry forests will exert strong
influence on ecosystemCbalance by affecting the dynamics ofmicrobial biomass growth.

Introduction

Dry soils release large pulses of CO2 upon rewetting, a
phenomenon known as the ‘Birch effect’ (Birch 1958).
These rewetting pulses can constitute a substantial
portion of annual soil CO2 flux in arid or seasonally
dry ecosystems (Schimel et al 2007, Wang et al 2015).
Thus, relatively modest changes in the quantity or
timing of precipitation may have disproportionately
large impacts on ecosystem carbon (C) balance in
seasonal systems. Consequently, understanding the
mechanisms that generate the Birch effect is necessary
to predict ecosystem-scale responses to climate
change.

Controls on the magnitude of the Birch effect are
poorly understood, but may be broadly grouped into

three categories: climatic, edaphic, and biotic. The size
of rewetting CO2 pulses appears to be dependent on
themagnitude of the rewetting event (i.e. the change in
soil water potential; Lado-Monserrat et al 2014) as well
as the frequency of rewetting events (Fierer and Schi-
mel 2002) and the length of time between each pre-
cipitation pulse (Xiang et al 2008). These climatic
effects may be mediated by soil texture (Moyano
et al 2012), as responses to rewetting events are atte-
nuated in clay-rich soils (Harrison-Kirk et al 2014).

Ultimately, the soil microbial community exerts
themost proximate control over rates of Cmineraliza-
tion in soils. It is hypothesized that the Birch effect is
generated by an immediate release of microbial osmo-
lytes upon rewetting and/or rapid metabolism of
organic substrates released by disruption of soil
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structure (Unger et al 2010, Jenerette and Chatter-
jee 2012, Moyano et al 2013). Microbial community
structure also plays an important role in mediating
responses to rewetting, as different microbial clades
display distinct ecological strategies to cope with the
stress of rapid fluctuation in soil moisture (Lennon
et al 2012, Placella et al 2012).

Drying-rewetting cycles may exert particularly
strong control over ecosystem biogeochemical cycles
in tropical dry forests (TDFs), which experience
annual dry seasons of at least three months. Nutrients
immobilized in microbial biomass during the dry sea-
son are rapidly mineralized at the onset of the wet sea-
son, supporting plant nutrient demand (Singh
et al 1989). Due to these complex interactions among
precipitation seasonality, plant growth, and microbial
biomass dynamics, ecosystem C storage appears to
have a nonlinear relationship with rainfall (Rohr
et al 2013), and terrestrial ecosystemmodels have diffi-
culty predicting C cycle dynamics in TDF under future
climates. This is due in large part to uncertainties
about the response of soil C to changes in rainfall and
soil moisture (Sitch et al 2008). Moreover, biogeo-
chemical pools and fluxes in TDF can exhibit extre-
mely high heterogeneity at fine spatial scales (Waring
et al 2016), which may complicate efforts to extra-
polate patterns from local to regional scales.

To gain a better understanding of the relationships
between precipitation and soil C cycling in TDF, we
monitored soil respiration over seasonal transitions in
a regenerating TDF in Guanacaste, Northwest Costa
Rica.We also conducted amanipulative experiment to
examine effects of rapid rewetting on soil C and N
pools, and attempted to replicate these dynamics in
the context of a simple soil carbon simulation model.
Our goals were to understand what controls the mag-
nitude of CO2 fluxes in response to changes in rainfall,
and how to represent these dynamics in predictive
ecosystemmodels.

Our soil wetting experiment used an unreplicated
block design to identify controls on the magnitude of
the Birch effect. There were four treatment blocks,
allowing us to capture natural heterogeneity in soil
properties across the landscape. Within each block,
three plots were randomly assigned to one of three
treatments: control (no precipitation inputs), wetting
(a single, 50 mm rainfall pulse) and a re-wetting treat-
ment (two 50 mm pulses, separated by 24 h). We pre-
dicted that the magnitude of the Birch effect would
decline upon rewetting, since CO2 is flushed out of soil
pore space during the first wetting, and available dis-
solved organic carbon (DOC) is depleted (H1). We
also anticipated that the size of rewetting CO2 pulses
would be positively correlated with the availability of
DOC prior to rewetting (H2), given the close relation-
ship between substrate availability and respiration rate
(Iqbal et al 2010).

Methods

Field experiments
The precipitationmanipulation experiment was estab-
lished at Estación Experimental Forestal Horizontes in
the Área de Conservación Guanacaste, Costa Rica
(10.712 N, 85.551 W). In this region of Guanacaste,
mean annual temperature is 25 °C and mean annual
precipitation averages 1765 mm (based on climate
data from nearby Parque Nacional Santa Rosa), with a
4–6 month dry season lasting from January until May.
During the year of the study, however, a historic
drought delayed the onset of rains until the end of
August. All experiments were conducted in secondary
TDFs recuperating from agricultural use.

The precipitation manipulation experiment was
conducted in three treatment plots in each of four
experimental blocks established in a ∼1 km2 area.
Each 1 m2 plot contained two 10 cm diameter PVC
collars for measuring soil respiration. To examine
baseline patterns of soil respiration in each plot, CO2

fluxes were monitored monthly from July through
November 2014 using a LI-8100A Automated Soil Gas
Flux System (LI-COR, Lincoln, Nebraska).

The soil moisture manipulation experiment took
place in January 2015, after the wet season rains had
ceased and soils were almost completely dry (mean
volumetric soil moisture <10%). Within each block,
each of the three plots was randomly assigned to a
treatment group: wetting, re-wetting, or control. In
the wetting treatment, a single 50 mm rain event was
simulated by applying 5 l of water with a handheld
sprayer. (Henceforth, we refer to the application time
of the simulated rainfall event as ‘T0 h.’) This treat-
ment represents a substantial precipitation input
∼two standard deviations above the median rainfall
event size (4.5 mm) in this forest. In the re-wetting
treatment, two 50 mm rain events were simulated, 24
h preceding (T− 24 h) and at T0 h. Thus, re-wet plots
received 100mmof rain in total over a one-day period.
Control plots received no precipitation inputs, and it
did not rain over the course of the experiment.

Soil respiration fluxes were measured with the LI-
8100A in each collar just before treatment were
applied (T0 h), and both 10 min (T+10 min) and 24
h (T+24 h) afterwards. Volumetric soilmoisture was
measured with a handheld soil moisture probe a
SM150 Soil Moisture Sensor (Delta-T Devices, Ltd,
Cambridge, England) at T0 h, T10 min, and T24h.
Volumetric soil moisture was converted to soil water
potential based on calibration curves performedwith a
tensiometer (Spectrum Technologies, Aurora, IL).
Finally, soils were sampled immediately adjacent to
each collar at T0 h and T+24 h for determination of
microbial biomass C andN.
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Biogeochemicalmethods
Soil texture in each block was quantified using the
hydrometer method (Gee and Bauder 1979), and total
organic C andNwere analyzed on aCostech Elemental
Analyzer. Microbial biomass C and N were deter-
mined by chloroform fumigation and direct extraction
with 0.5 M K2SO4 (Vance et al 1987). C and N
concentrations in extracts were determined on a
Shimadzu TOC/TN at theUniversity ofMinnesota. In
subsequent analyses, we assumed that K2SO4-extrac-
table C and N in unfumigated soils captured most of
the DOC and dissolved organic nitrogen (DON) pools
(Jones andWillett 2006).

Statistics
We used repeated measures ANOVA to examine
variation in soil CO2 flux among blocks over the
course of a wet season (July–November 2014).We also
used two-way rmANOVAs to examine patterns in soil
respiration,microbial biomass C andN, andDOC and
N as a function of random factors (block), fixed factors
(precipitation treatment), and their interaction. All
response variables were log or square-root trans-
formed as appropriate to improve normality. To
explore whether the magnitude of the rewetting pulse
varied with substrate availability, we regressed the
percentage increase in respiration (10 min after water
addition) against size of themicrobial biomass and the
DOCpools.

Finally, to aid in interpretation of the data, we cal-
culated treatment log response ratios for each plot as:
ln(RespT−X min/RespT−0 min) where X represents
respiration at 10 or 1440 min post-treatment, respec-
tively. These LRRs were regressed against block-spe-
cific soil texture and total C and N concentrations to
determine whether edaphic properties influenced the
magnitude of respiratory responses.

Simulationmodels
To determine how well different model structures
capture soil C dynamics in response to drying-rewet-
ting events, we modified the conventional and
enzyme-catalyzed soil C simulation models of Allison
et al (2010) in the R programming environment (figure
S1). The conventional model represents three carbon
pools: polymeric soil organic carbon (SOC), DOC,
and microbial biomass carbon (MIC). Each pool has a
specific turnover rate, and CO2 is evolved every time
carbon is transferred form one pool to another.
Because the conventional model was not able to
produce a rewetting CO2 pulse (see results), we also
tested an altered version of the model (‘modified
conventional model’) in which CO2 evolved only from
the flux between the DOC pool and the microbial
biomass, as in the enzyme-catalyzedmodel.

In contrast to the conventional model, the
enzyme-catalyzed model incorporates a fourth pool
representing soil enzymes (ENZs), and C transfer

between the SOC and DOC pools (decomposition) is
represented as a Michaelis–Menten function depen-
dent on the size of SOC and ENZ. Similarly, microbial
C uptake is also a Michaelis–Menten function scaled
to the size of MIC and DOC. CO2 is evolved from the
microbial biomass only.

To simulate the Birch effect, microbial C uptake
(i.e. the flux from DOC to MIC) was modified with a
soil water potential sensitivity function. The slope and
intercept of the relationship between microbial activ-
ity (proportional respiration rate as a function of max-
imum) and soil water potential (ψ) were derived from
a meta-analysis of microbial responses to water avail-
ability (Manzoni et al 2012). The samemoisture sensi-
tivity function was applied to the DOC uptake flux in
both the conventional and enzyme-catalyzed models.
For additional details on model structure and simula-
tions, see supplemental information.

To test the effects of drying-rewetting cycles on soil
C cycling, conventional and enzyme-catalyzed model
simulations were run over 1000 100 hourly timesteps
under the conditions listed in table S1. Briefly, we
examined the effects of DOC pool size, the number of
rewetting pulses, and the intensity of rewetting pulses
(change in soil water potential, orΔWP) on CO2 flux,
while holding mean soil water potential constant
across each comparison.Models were allowed to equi-
librate over 1 000 000 timesteps, until all pools were
stable, before beginning soil moisture simulations.
When models did not equilibrate within 1 000 000
timesteps, turnover rates of each C pool were allowed
to vary over two orders of magnitude until pool sizes
stabilized at reasonable values. To examine the mod-
els’ ability to reproduce observed patterns of rewetting
response and calculateGCV scores (see below), we also
performed simulations where we changed starting
values for SOC, DOC, and MIC to match pool sizes
(mg g−1) of total soil carbon, DOC, and MIC in each
block. Soil moisture pulses (increase and return to
baseline) were simulated within a period of 100 h. For
each simulation, we recorded SOC, DOC, and MIC
pool sizes at the final timestep.

To compare CO2 pulse magnitudes under differ-
ent soil wetting regimes in both conventional and
enzyme-catalyzed models, we integrated the area
under the CO2 curve over the course of a wetting event
with the flux package in R (Jurasinski et al 2014). For
comparison with results from the field precipitation
experiment, cumulative CO2 flux over the 24 h period
for T0 h to T+24 h was calculated in the same man-
ner. For paired simulations in which soil moisture
remained constant (i.e. there was no CO2 pulse), we
calculated cumulative CO2 flux over these identical
timesteps in order to compare model outputs on an
equivalent basis.

To compare the ability of conventional and
enzyme-catalyzed models to predict soil responses to
wetting, we calculated generalized cross validation
scores (GCVs) following Lawrence et al (2009):
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where Yobs and Ymod are the observed and model
responses respectively; n is the number of observa-
tions; and v1 is the number of model state variables
calculated during each timestep. GCVswere calculated
based on microbial biomass pools, DOC pools, and
integrated respiration fluxes observed in each plot
following (re)wetting treatments in the field
experiment.

Results

Precipitationmanipulation experiment
Soil properties varied among blocks, with clay concen-
trations ranging from 45.9% to 62.3% and total
organic C from 3.5% to 4.2% in the top 10 cm. Under
ambient conditions, soil respiration rates were depen-
dent on the interaction between block and month
(table 1): CO2 flux increased by 1.5–3-fold with the
onset of the rainy season in two blocks, but did not
respond or slightly decreased in the other two
(figure S4).

In the rainfall manipulation experiment, simula-
tion of a 50 mm rainfall event caused CO2 flux rates to
increase about 250% within 10 min; after 24 h,
respiration rates returned to pre-treatment values
(figure 1(a)). Overall, respiration fluxes were two-fold
higher in plots that received added water versus con-
trols. Counter to H1, fluxes were 14% higher in the re-
wetting versus wetting treatment (figure 1(b)), largely
due to slightly higher baseline (T0 h) respiration rates
in the re-wet plots. The magnitude of the rewetting
pulse was dependent on the interaction between treat-
ment and block (tables 2, S3(a)). The mean percent
increase in CO2 flux 10 min after wet-up ranged from
115% to 329%, an almost three-fold difference. This
variation was evenmore pronounced in the re-wetting
treatment, where the percent increase in CO2 flux fol-
lowing the second wetting event ranged from 29% to
147%. Respiration rates only varied 32% across blocks
in the control treatment.

Soil C and N pools were also heterogeneous across
the study area. DOC and microbial biomass C pools
varied twofold among the four blocks, while DON and
microbial biomass N pools varied depending on the
interaction between treatment and block (tables 2,
S3(b)). Dissolved organic andmicrobial C andN pools
also changed over time. From T0 h to T+24 h, DOC
pools increased in the control treatment, but
decreased ∼20% in the wetting and re-wetting treat-
ments. Meanwhile, microbial biomass C increased
between T0 h and T+24 h across all treatment
groups (table S3(b)). DON pools increased 42% in the
control treatment, but remained unchanged in the
wetting treatment and decreased 31% in the re-wet-
ting treatment (figure 2(a)). The inverse pattern was
observed for microbial biomass N: from T0 h to
T+24 h, MBN did not change in the control treat-
ment, but increased 2.5-fold in the wetting treatment
and 23% in the re-wetting treatment (figure 2(b)). The
net effect of these changes was that the C:N ratio of
microbial biomass in the wetting treatment decreased
from 14.5±1.7 at T0 h to 7.2±0.6 at T+24 h.
Meanwhile, microbial biomass C:N in the control and
re-wetting treatments remained fairly constant
through time, at 15.2±0.6 and 7.4±0.5, respec-
tively (figure 2(c)).

The best predictor of the magnitude of the post-
treatment (T+10 min) CO2 flux (i.e., percentage
increase over T0 h) was the size of the DOC pool
(R2=0.175, P=0.018, figure 3), confirming H2.
Microbial biomass C, soil clay content, and total soil C
were not related to the size of the post-wetting CO2

pulse.

Model simulations—enzyme-catalyzedmodel
In the enzyme-catalyzed model, CO2 flux rapidly
increased and then returned to baseline after simulated
rewetting, following the pattern observed in the field
(figure 4). SOC pool size and cumulative CO2 flux
were strongly dependent on mean soil water potential
over the course of each simulation; therefore, mean
soil water potential was held constant across all model
comparisons (size and number of rewetting events).
For a given set of starting parameters, CO2 pulse sizes
were sensitive to the number of rewetting events, the
size of the DOCpool, and themagnitude of the change
in soil water potential (table S2). As the number of
rewetting events increased, mean pulse size and
cumulative CO2 flux decreased. Larger rewetting
events (i.e. greater changes in soil water potential) and
increases in DOC pool size led to larger wetting pulses
and greater total emissions of CO2 (table S2).

Model simulations—conventionalmodel
The conventional model failed to reproduce the
rewetting CO2 pulse; in fact, after a rapid increase in
soil water potential, respiration rates actually decreased
very slightly. This is because the microbial biomass

Table 1.Repeatedmeasures ANO-
VAs for baseline respiration rates
(log-transformed). Significant F-
values shown in bold.

Df F value

Between subjects

Block 3 3.85

Temperature 1 4.28

Within subjects

Month 3 19.93

Block*month 8 27.95

Temperature 1 0.37
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increased upon rewetting, while the DOC pool was
moderately reduced. Since the DOC pool has a faster
turnover rate, the net result is a very small decrease in
total CO2 flux following rewetting. If the turnover rate
of the microbial biomass is increased to be equivalent
or faster than DOC turnover (contrary to empirical
evidence; Boddy et al 2007), the conventional model
produced a sustained but very small increase in
respiration that persisted 100 h (i.e. even after soil
moisture returned to baseline), due to growth of the
microbial biomass.

We also modified the conventional model such that
CO2 was lost only from the microbial biomass pool, as
in the enzyme-catalyzed model. In this case, the model
was able to reproduce the rewettingCO2 pulse, although
the magnitude of the pulse was generally much smaller
(figure 4). In thismodel, SOC, DOC, andmicrobial bio-
mass pool sizes increased continuously (figure S2)unless
model parameters weremodified dramatically. To allow
pool sizes to equilibrate at realistic values, SOC turnover
rates must be the same order of magnitude as DOC and
microbial biomass turnover rates, or DOC turnover
rates must be an order of magnitude slower than

microbial biomass turnover. Relationships among pulse
size, intensity, and frequency were the same as in the
enzyme-catalyzedmodel (table S2).

Comparingmodel performance
The enzyme-catalyzedmodel predicted larger SOC,DOC
and microbial biomass pools than the conventional
model.When the conventionalmodelwasmodified such
that CO2 could evolve from the microbial biomass only,
more C was retained in soil pools (figure S2) at the
expense of CO2 fluxes. The unmodified conventional
model was the best predictor of respiration fluxes, SOC,
and DOC pools, while the modified conventional model
best captured MIC (although this pool had not equili-
brated by the end of the simulation) and the percent
increase in respirationupon rewetting (table 3).

All three models predicted decreases in DOC and
increases in the microbial biomass following a soil
moisture pulse (figure S3). The modified conventional
and enzyme models predicted very similar respiration
dynamics following rewetting, although the percent-
age increase in respiration was greater in the enzyme
model (figures 4, S3).

Figure 1. (a) Soil respiration rates at three timepoints (T0 h,T10min, andT24 h) in the control, wetting, and re-wetting treatments.
(b)MeanCO2flux across all timepoints in each treatment.

Table 2.Repeatedmeasures ANOVAs for CO2flux,microbial biomass C andN,
and dissolved organic C andN in the precipitationmanipulation experiment. Sig-
nificant F-values shown in bold.

Respiration MBC MBN DOC DON

Between subjects

Treatment 2.91 1.51 4.02 1.42 0.17

Block 4.75 8.31 2.44 10.42 13.33

Treatment*block 4.67 1.77 3.02 2.10 4.67

Within subjects

Time 49.58 5.62 43.78 0.12 0.23

Treatment*time 23.04 3.54 14.33 11.24 12.03

Block*time 1.83 2.03 3.24 5.06 7.07

Treatment*block 2.74 0.81 3.39 2.93 5.74
*Time
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Discussion

Precipitationmanipulation experiment
We found that soil CO2 fluxes are linked to seasonal
and short-term variation in water availability, as
expected (Birch 1958, Cook and Orchard 2008,
Moyano et al 2012). In our field manipulation,

rewetting of dry soils produced an immediate pulse of
CO2, accompanied by rapid immobilization of N into
the microbial biomass. Strong CO2 pulses were also
observed in previously moistened soil, suggesting that
observed respiratory responses were biological in
origin, and did not simply represent flushing of pent-

Figure 2.Dissolved organic nitrogen (a) and (b), microbial biomass nitrogen (c) and (d), andmicrobial biomass C:N (e) and (f) in the
control, wetting, and re-wetting treatments. Panels (a), (c), and (e) showpatterns over time, whereas panels (b), (d), and (f) showmean
values across both timepoints.

Figure 3.Percent increase in soilCO2flux10min after
rewetting (T+10min versusT0; h) in thewetting and re-wet
treatments as a functionof soil dissolvedorganicCpools atT0h.

Figure 4.CO2flux in response to rapid change in soil water
potential over a 24 h period in the enzyme-catalyzed (dashed
line), conventional (dotted line), andmodified conventional
(dashed and dotted line)models. The solid black line shows
themean soil CO2flux (converted to gCm2) observed in the
wetting treatment in thefield experiment.
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up CO2 out of soil pore space. Instead, CO2 pulses
likely represent rapidmicrobial metabolism of organic
substrate that was previously unavailable due to
occlusion in soil aggregates or limitations on diffusion
(Manzoni et al 2014). Although the size of the
microbial biomass did not dramatically increase 24 h
after wetting, biomass C:N declined significantly. This
suggests that soil microbial communities may have
been ‘mining’ newly available dissolved organicmatter
for N. Alternatively, changes in biomass stoichiometry
may be related to rapid release of C-rich osmolytes
(especially fungal polyols) upon rewetting (Schimel
et al 2007), although recent evidence suggests that
osmolyte accumulation is not a major strategy of
microbial drought resistance (Kakumanu et al 2013).

Surprisingly, the magnitude of CO2 rewetting pul-
ses varied considerably over relatively fine spatial
scales: in the 24 h following a single wetting event, the
estimated amount of C emitted ranged from 14.8 to
23.2 g C m−2 across blocks. These findings parallel
marked spatial variation in seasonal patterns of CO2

flux. Whereas respiration rates increased markedly
after the onset of the rainy season in some blocks, CO2

fluxes did not change in others. These patterns were
unrelated to differences in soil texture and total soil C
among blocks. Instead, the sizes of rewetting CO2 pul-
ses were most closely related to availability of K2SO4-
extractable DOC prior to the wetting event. This result
is consistent with other studies which find that greater
availability of labile organic C promotes larger rewet-
ting pulses (Jenerette and Chatterjee 2012, Harrison-
Kirk et al 2014), and parallels other studies in TDF
showing that microbial N utilization is strongly
dependent on DOC availability (Montaño et al 2007).
Thus, rewetting responses are apparently tied to sub-
strate limitation of the microbial biomass. Of course,
this variation in soil DOC content may interact with
differences in microbial community composition
among blocks (Evans and Wallenstein 2012), which
was not quantified in this study.

Simulationmodels
Soil carbonmodels were only able to capture the Birch
effect when respiration fluxes were coupled directly to
microbial DOC uptake. Because CO2 was lost from
multiple pools in the unmodified conventional model,

the respiratory response to water availability was
effectively ‘smoothed’ by concurrent changes in the
size of SOC, DOC and microbial biomass pools.
However, this model most accurately predicted sizes
of soil C pools over the course of the simulation,
despite its inability to reproduce the Birch effect. In
general, the enzyme-catalyzed model performed most
poorly; although final pool sizes predicted by the
enzyme and modified conventional models were
similar, the enzyme model was penalized for having
extra parameters.

Although the enzyme-catalyzed and modified
conventional models both reproduced the Birch
effect, this came at a cost in the traditional three-pool
model: SOC, DOC, and microbial biomass C pools
never equilibrated, increasing continuously over 100
0100 timesteps. The model only yielded realistic pool
sizes when the relative turnover rates of the threemain
C pools were manipulated. Increasing SOC turnover
rates at least two orders of magnitude allowed the
model to equilibrate. However, allowing SOC to turn
over as fast as the microbial biomass is inconsistent
with core model assumptions: the SOC, DOC, and
microbial biomass pools are intended to be analogous
to the ‘passive,’ ‘slow’ and ‘fast’ pools, which are uti-
lized in many first-order soil carbon models (Bolker
et al 1998, Allison et al 2010). Similarly, decreasing
DOC turnover rates at least two orders of magnitude
allowed pool sizes to equilibrate at reasonable values.
However, this invokes the assumption that the soil
microbial biomass turns over an order of magnitude
faster than their substrate pool, which is highly biolo-
gically unrealistic, and inconsistent with empirical evi-
dence (Boddy et al 2007). Although we did not explore
all parameter space, it appears that loss of CO2 directly
from the SOC and DOC pools in the unmodified
model is a stabilizingmechanism that prevents rapid C
accumulationwhen SOC turnover rates are lower than
those of the microbial biomass. By contrast, in the
enzyme-catalyzed version, the model is stabilized by
the nonlinear kinetics of SOC decomposition and
DOC uptake. Therefore, only the enzyme-catalyzed
model is able to simulate the Birch effect when SOC,
DOC, and microbial biomass C pools have realistic
relative turnover rates.

Table 3.Generalized cross-validation scores for the conventional three-poolmodel, themodified conventionalmodel, and enzyme-cata-
lyzedmodels. GCV scores were calculatedwith reference tomicrobial biomass carbon (MBC) pools, dissolved organic carbon (DOC) pools,
total quantity of CO2 emitted following (re)wetting treatments, and the percentage increase in respiration (relative to pre-wetting baseline)
in the four blocks of thefield experiment. LowerGCV scores indicate bettermodel performance; italicized scores indicate the best-perform-
ingmodel.

Variablemodeled Conventionalmodel Modified conventionalmodel Enzyme-catalyzedmodel

SOC 371 760 598 1331

DOC 0.29 19.02 4.04

Microbial biomass 33 28 54

Respirationflux 0.80 0.85 2.27

Percent increase in respiration uponwetting 786 650 233 321 177 0234
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Our findings are similar to the conclusions of
Lawrence et al (2009), who demonstrated that
enzyme-catalyzed models with ‘reverse’ Michaelis–
Mentenwere better able to predict rewetting responses
than traditional first-order models, whereas the con-
ventional model performed better at constant soil
moisture. In our case, the least mechanistic model
most accurately predicted equilibrium pool sizes.
However, it lacked the direct coupling of C uptake and
moisture sensitivity that enabled the other twomodels
to simulate the Birch effect.

Implications for ecosystemCbalance inTDFs under
global change
The quantity and seasonality of precipitation are
already changing over many areas of the dry tropics
(Feng et al 2013), highlighting the importance of a
mechanistic framework to predict soil responses to
changes in rainfall regime. Model simulations can
generate testable hypotheses about the relationships
among soil water potential, the frequency of rewetting
events, and soil respiration. In both the enzyme-
catalyzed and modified conventional models, with all
other factors held constant, greater changes in soil
water potential (ΔWP) led to larger CO2 pulses and
greater total losses of CO2, as has been found in
empirical studies (Lado-Monserrat et al 2014). This
suggests that more severe droughts resulting in very
dry soils could lead to net ecosystem C losses via
intensification of the Birch effect. The models also
predict that an increased number of wetting events
attenuates the size of each CO2 pulse. For this reason,
the timing of precipitation may affect belowground C
storage even if the total quantity of rainfall remains the
same: CO2 losses are greater under larger but more
sporadic precipitation events versus smaller but more
frequent ones. However, our models do not include
longer-term feedbacks between soil nutrient cycles
and plant growth. If trees also respond to major
rewetting events by altering belowground allocation
(Doughty et al 2014), the relative sizes of DOC and
microbial biomass poolsmay change.

Conclusions

Our experimental findings and model simulations
serve to highlight the complexity of controls on below-
ground carbon cycling in TDF. Ultimately, changes in
the amount and timing of rainfall events impact soil
respiration via their effects on the availability of
substrate for microbial growth. However, soil C pools
are highly variable in space and time in these dry
forests. In order to predict ecosystem-scale responses
to climate change, more experiments are needed to
explore relationships among microbial physiology,
DOCavailability, and belowgroundC inputs.

Acknowledgments

We gratefully acknowledge financial support from the
United States National Science Foundation (CAREER
grant DEB 1053237 to JSP) and the US Department of
Energy, Office of Science, Office of Biological and
Environmental Research, Terrestrial Ecosystem
Science (TES) Program (award number DE-
SC0014363), excellent help in the field from Daniel
Peréz, Erik Schilling, and Sebastian Zarges, and
logistical support from Roger Blanco, Milena Gutiér-
rez, and Maria Marta Chavarría and the Área de
ConservaciónGuanacaste.

References

Allison S,WallensteinMandBradfordM2010 Soil-carbon
response towarming dependent onmicrobial physiology
Nat. Geosci. 3 336–40

BirchHF 1958The effect of soil drying on humus decomposition
and nitrogenPlant Soil 10 9–31

Boddy E,Hill PW, Farrar J and JonesD L 2007 Fast turnover of low
molecular weight components of the dissolved organic
carbon pool of temperate grassland field soils Soil Biol.
Biochem. 39 827–35

Bolker BM, Pacala SWandPartonW J Jr 1998 Linear analysis of soil
decomposition: insights from the centurymodel Ecological
Appl. 8 425–39

Cook F andOrchardV 2008Relationships between soil respiration
and soilmoisture Soil Biol. Biochem. 40 1013–8

DoughtyC et al 2014Allocation trade-offs dominate the response of
tropical forest growth to seasonal and interannual drought
Ecology 95 2192–201

Evans S andWallensteinM2012 Soilmicrobial community
response to drying and rewetting stress: Does historical
precipitation regimematter?Biogeochemistry 109 101–16

FengX, PorporatoA andRodriguez-Iturbe I 2013Changes in
rainfall seasonality in the tropicsNat. Clim. Change 3 1–5

FiererN and Schimel J 2002 Effects of drying-rewetting frequency
on soil carbon and nitrogen transformations Soil Biol.
Biochem. 34 777–87

GeeGWandBauder JW1979Particle size analysis byhydrometer: a
simplifiedmethod for routine textural analysis and a sensitivity
test ofmeasured parameters Soil Sci. Soc.Am. J.431004–7

Harrison-Kirk T, BeareM,Meenken E andCondron L 2014 Soil
organicmatter and texture affect responses to dry/wet cycles:
changes in soil organicmatter fractions and relationships
withC andNmineralisation Soil Biol. Biochem. 74 50–60

Iqbal J, HuR, FengM, Lin S,Malghani S andAli IM2010Microbial
biomass and dissolved organic carbon and nitrogen strongly
affect soil respiration in different land uses: a case study at
ThreeGorges Reservoir Area, SouthChinaAgric. Ecosyst.
Environ. 137 294–307

Jenerette G andChatterjee A 2012 Soilmetabolic pulses: water
substrate and biological regulation Ecology 93 959–66

JonesDL andWillett VB 2006 Experimental evaluation ofmethods
to quantify dissolved organic nitrogen (DON) and dissolved
organic carbon (DOC) in soil Soil Biol. Biochem. 38 991–9

Jurasinski G, Koebsch F,Guenther A andBeetz S 2014 Flux rate
calculation fromdynamic closed chambermeasurements
Version 0.30-0CRANRepository

KakumanuM,Cantrell C andWilliamsM2013Microbial
community response to varyingmagnitudes of desiccation in
soil: a test of the osmolyte accumulation hypothesis Soil Biol.
Biochem. 57 644–53

Lado-Monserrat L, Lull C, Bautista I, LidónA andHerrera R 2014
Soilmoisture increment as a controlling variable of the ‘Birch
effect’ interactions with the pre-wetting soilmoisture and
litter additionPlant Soil 379 21–34

8

Environ. Res. Lett. 11 (2016) 105005

http://dx.doi.org/10.1038/ngeo846
http://dx.doi.org/10.1038/ngeo846
http://dx.doi.org/10.1038/ngeo846
http://dx.doi.org/10.1007/BF01343734
http://dx.doi.org/10.1007/BF01343734
http://dx.doi.org/10.1007/BF01343734
http://dx.doi.org/10.1016/j.soilbio.2006.09.030
http://dx.doi.org/10.1016/j.soilbio.2006.09.030
http://dx.doi.org/10.1016/j.soilbio.2006.09.030
http://dx.doi.org/10.1890/1051-0761(1998)008[0425:LAOSDI]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(1998)008[0425:LAOSDI]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(1998)008[0425:LAOSDI]2.0.CO;2
http://dx.doi.org/10.1016/j.soilbio.2007.12.012
http://dx.doi.org/10.1016/j.soilbio.2007.12.012
http://dx.doi.org/10.1016/j.soilbio.2007.12.012
http://dx.doi.org/10.1890/13-1507.1
http://dx.doi.org/10.1890/13-1507.1
http://dx.doi.org/10.1890/13-1507.1
http://dx.doi.org/10.1007/s10533-011-9638-3
http://dx.doi.org/10.1007/s10533-011-9638-3
http://dx.doi.org/10.1007/s10533-011-9638-3
http://dx.doi.org/10.1038/nclimate1907
http://dx.doi.org/10.1038/nclimate1907
http://dx.doi.org/10.1038/nclimate1907
http://dx.doi.org/10.1016/S0038-0717(02)00007-X
http://dx.doi.org/10.1016/S0038-0717(02)00007-X
http://dx.doi.org/10.1016/S0038-0717(02)00007-X
http://dx.doi.org/10.2136/sssaj1979.03615995004300050038x
http://dx.doi.org/10.2136/sssaj1979.03615995004300050038x
http://dx.doi.org/10.2136/sssaj1979.03615995004300050038x
http://dx.doi.org/10.1016/j.soilbio.2014.02.021
http://dx.doi.org/10.1016/j.soilbio.2014.02.021
http://dx.doi.org/10.1016/j.soilbio.2014.02.021
http://dx.doi.org/10.1016/j.agee.2010.02.015
http://dx.doi.org/10.1016/j.agee.2010.02.015
http://dx.doi.org/10.1016/j.agee.2010.02.015
http://dx.doi.org/10.1890/11-1527.1
http://dx.doi.org/10.1890/11-1527.1
http://dx.doi.org/10.1890/11-1527.1
http://dx.doi.org/10.1016/j.soilbio.2005.08.012
http://dx.doi.org/10.1016/j.soilbio.2005.08.012
http://dx.doi.org/10.1016/j.soilbio.2005.08.012
http://dx.doi.org/10.1016/j.soilbio.2012.08.014
http://dx.doi.org/10.1016/j.soilbio.2012.08.014
http://dx.doi.org/10.1016/j.soilbio.2012.08.014
http://dx.doi.org/10.1007/s11104-014-2037-5
http://dx.doi.org/10.1007/s11104-014-2037-5
http://dx.doi.org/10.1007/s11104-014-2037-5


LawrenceC,Neff J and Schimel J 2009Does addingmicrobial
mechanisms of decomposition improve soil organicmatter
models? A comparison of fourmodels using data from a
pulsed rewetting experiment Soil Biol. Biochem. 41 1923–34

Lennon J, Aanderud Z, Lehmkuhl B and SchoolmasterD Jr 2012
Mapping the niche space of soilmicroorganisms using
taxonomy and traits Ecology 93 1867–79

Manzoni S, Schaeffer S, Katul G, Porporato A and Schimel J 2014A
theoretical analysis ofmicrobial eco-physiological and
diffusion limitations to carbon cycling in drying soils Soil Biol.
Biochem. 73 69–83

Manzoni S, Schimel J and Porporato A 2012Responses of soil
microbial communities towater stress: results from ameta-
analysisEcology 93 930–8

MontañoNM,Garcia-Oliva F and Jaramillo V J 2007Dissolved
organic carbon affects soilmicrobial activity and nitrogen
dynamics in aMexican tropical deciduous forestPlant Soil
295 265–77

MoyanoF,Manzoni S andChenuC2013Responses of soil
heterotrophic respiration tomoisture availability: an exploration
ofprocesses andmodelsSoil Biol. Biochem.5972–85

Moyano F et al 2012Themoisture response of soil heterotrophic
respiration: interactionwith soil propertiesBiogeosciences 9
1173–82

Placella S, Brodie E and FirestoneM2012Rainfall-induced carbon
dioxide pulses result from sequential resuscitation of
phylogenetically clusteredmicrobial groups Proc. Natl Acad.
Sci. 109 10931–6

RohrT,Manzoni S, FengX,Menezes R and PorporatoA 2013 Effect
of rainfall seasonality on carbon storage in tropical dry
ecosystems J. Geophys. Res. 118 1156–67

Schimel J, Balser T andWallensteinM2007Microbial stress-
response physiology and its implications for ecosystem
function Ecology 88 1386–94

Schimel J andWeintraubM2003The implications of exoenzyme
activity onmicrobial carbon and nitrogen limitation in soil: a
theoreticalmodel Soil Biol. Biochem. 35 549–63

Singh J, Raghubanshi A, SinghR and Srivastava S 1989Microbial
biomass acts as a source of plant nutrients in dry tropical
forest and savannaNature 338 499–500

Sitch S et al 2008 Evaluation of the terrestrial carbon cycle, future
plant geography and climate-carbon cycle feedbacks using
five dynamic global vegetationmodels (DGVMs)Global
Change Biol. 14 2015–39

Unger S,Máguas C, Pereira J, David T andWerner C 2010The
influence of precipitation pulses on soil respiration-assessing
the ‘Birch effect’ by stable carbon isotopes Soil Biol. Biochem.
42 1800–10

Vance E, Brookes P and JenkinsonD 1987An extractionmethod for
measuring soilmicrobial biomass C Soil Biol. Biochem. 19
703–7

Wang L,Manzoni S, Ravi S, Riveros-Iregui D andCaylor K 2015
Dynamic interactions of ecohydrological and biogeochemical
processes inwater-limited systemsEcosphere 6 133

Waring B, AdamsR, Branco S and Powers J 2016 Scale-dependent
variation in nitrogen cycling and soil fungal communities
along gradients of forest composition and age in regenerating
tropical dry forestsNewPhytologist 209 845–54

Xiang SR,Doyle A,Holden P and Schimel J 2008Drying and
rewetting effects onC andNmineralization andmicrobial
activity in surface and subsurface California grassland soils
Soil Biol. Biochem. 40 2281–9

9

Environ. Res. Lett. 11 (2016) 105005

http://dx.doi.org/10.1016/j.soilbio.2009.06.016
http://dx.doi.org/10.1016/j.soilbio.2009.06.016
http://dx.doi.org/10.1016/j.soilbio.2009.06.016
http://dx.doi.org/10.1890/11-1745.1
http://dx.doi.org/10.1890/11-1745.1
http://dx.doi.org/10.1890/11-1745.1
http://dx.doi.org/10.1016/j.soilbio.2014.02.008
http://dx.doi.org/10.1016/j.soilbio.2014.02.008
http://dx.doi.org/10.1016/j.soilbio.2014.02.008
http://dx.doi.org/10.1890/11-0026.1
http://dx.doi.org/10.1890/11-0026.1
http://dx.doi.org/10.1890/11-0026.1
http://dx.doi.org/10.1007/s11104-007-9281-x
http://dx.doi.org/10.1007/s11104-007-9281-x
http://dx.doi.org/10.1007/s11104-007-9281-x
http://dx.doi.org/10.1016/j.soilbio.2013.01.002
http://dx.doi.org/10.1016/j.soilbio.2013.01.002
http://dx.doi.org/10.1016/j.soilbio.2013.01.002
http://dx.doi.org/10.5194/bg-9-1173-2012
http://dx.doi.org/10.5194/bg-9-1173-2012
http://dx.doi.org/10.5194/bg-9-1173-2012
http://dx.doi.org/10.5194/bg-9-1173-2012
http://dx.doi.org/10.1073/pnas.1204306109
http://dx.doi.org/10.1073/pnas.1204306109
http://dx.doi.org/10.1073/pnas.1204306109
http://dx.doi.org/10.1002/jgrg.20091
http://dx.doi.org/10.1002/jgrg.20091
http://dx.doi.org/10.1002/jgrg.20091
http://dx.doi.org/10.1890/06-0219
http://dx.doi.org/10.1890/06-0219
http://dx.doi.org/10.1890/06-0219
http://dx.doi.org/10.1016/S0038-0717(03)00015-4
http://dx.doi.org/10.1016/S0038-0717(03)00015-4
http://dx.doi.org/10.1016/S0038-0717(03)00015-4
http://dx.doi.org/10.1038/338499a0
http://dx.doi.org/10.1038/338499a0
http://dx.doi.org/10.1038/338499a0
http://dx.doi.org/10.1111/j.1365-2486.2008.01626.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01626.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01626.x
http://dx.doi.org/10.1016/j.soilbio.2010.06.019
http://dx.doi.org/10.1016/j.soilbio.2010.06.019
http://dx.doi.org/10.1016/j.soilbio.2010.06.019
http://dx.doi.org/10.1016/0038-0717(87)90052-6
http://dx.doi.org/10.1016/0038-0717(87)90052-6
http://dx.doi.org/10.1016/0038-0717(87)90052-6
http://dx.doi.org/10.1016/0038-0717(87)90052-6
http://dx.doi.org/10.1890/ES15-00122.1
http://dx.doi.org/10.1111/nph.13654
http://dx.doi.org/10.1111/nph.13654
http://dx.doi.org/10.1111/nph.13654
http://dx.doi.org/10.1016/j.soilbio.2008.05.004
http://dx.doi.org/10.1016/j.soilbio.2008.05.004
http://dx.doi.org/10.1016/j.soilbio.2008.05.004

	Introduction
	Methods
	Field experiments
	Biogeochemical methods
	Statistics
	Simulation models

	Results
	Precipitation manipulation experiment
	Model simulations---enzyme-catalyzed model
	Model simulations---conventional model
	Comparing model performance

	Discussion
	Precipitation manipulation experiment
	Simulation models
	Implications for ecosystem C balance in TDFs under global change

	Conclusions
	Acknowledgments
	References



