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a b s t r a c t

Soil microbes face highly variable moisture conditions that force them to develop adaptations to tolerate
or avoid drought. Drought conditions also limit the supply of vital substrates by inhibiting diffusion in
dry conditions. How these biological and physical factors affect carbon (C) cycling in soils is addressed
here by means of a novel process-based model. The model accounts for different microbial response
strategies, including different modes of osmoregulation, drought avoidance through dormancy, and
extra-cellular enzyme production. Diffusion limitations induced by low moisture levels for both extra-
cellular enzymes and solutes are also described and coupled to the biological responses. Alternative
microbial life-history strategies, each encoded in a set of model parameters, are considered and their
effects on C cycling assessed both in the long term (steady state analysis) and in the short term (transient
analysis during soil drying and rewetting). Drought resistance achieved by active osmoregulation
requiring large C investment is not useful in soils where growth in dry conditions is limited by C supply.
In contrast, dormancy followed by rapid reactivation upon rewetting seems to be a better strategy in
such conditions. Synthesizing more enzymes may also be advantageous because it causes larger accu-
mulation of depolymerized products during dry periods that can be used upon rewetting. Based on key
model parameters, a spectrum of life-history strategies thus emerges, providing a possible classification
of microbial responses to drought.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The availability of water in soils is highly variable, depending on
random rainfall inputs interspaced by dry periods (Rodriguez-
Iturbe and Porporato, 2004). This variability affects soil microbes
by creating pulses in activity after rainfall, but periods of limited
activity when water is unavailable (Austin et al., 2004; Borken and
Matzner, 2009). Due to the interactions among microbes, sub-
strates, and water availability, and the timing of rainfall, microbial
responses to drought and wetting events are nonlinear. Hence,
even small increases in soil moisture after a long dry period may
ultural Sciences, Department
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ni).
trigger a large respiration pulse. Because these pulsing dynamics
may contribute a large fraction of ecosystem respiration (Reichstein
et al., 2002; Carbone et al., 2011), including them in process-based
models that can effectively predict respiration responses to current
and altered hydro-climatic conditions is becoming necessary.

Disentangling physical and biological drivers of respiration
pulses and microbial activity is complicated because they are inter-
related (Or et al., 2007; Schimel et al., 2007; Moyano et al., 2013).
On the one hand, solute diffusivity decreases as the soil becomes
drier due to reduced water-filled porosity and increased tortuosity
of the water films around solid particles (Skopp et al., 1990;
Moldrup et al., 2001). As a result, diffusivity approaches near-zero
as soil moisture reaches a point where water films become
disconnected. On the other hand, soil matric potentials become
more negative, potentially requiring osmotic adjustments for mi-
crobial cells to maintain turgor and function (Welsh, 2000; Schimel

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:stefano.manzoni@slu.se
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soilbio.2014.02.008&domain=pdf
www.sciencedirect.com/science/journal/00380717
http://www.elsevier.com/locate/soilbio
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


Table 1
List of variables, fluxes, physiological functions, transfer and diffusion coefficients,
and other variable quantities. In Fig. 8, subscript T indicates time-integrated quan-
tities over the whole drying period.

Symbol Description Units

A/V Ratio of area around the microbial
cells over volume of soil surrounding them

m�1

c Osmolyte concentration in cytoplasmic free water mol m�3

CB C in active microbial biomass gC m�3

CB,D C in dormant microbial biomass gC m�3

CD Soluble organic C gC m�3

CE Enzymatic C gC m�3

CO Osmolyte C in active microbial biomass gC m�3

CO,D Osmolyte C in dormant microbial biomass gC m�3

CS Stable soil organic C substrates gC m�3

D Decomposition rate gC m�3 d�1

DD Diffusivity of dissolved organic C in bulk soil m2 s�1

DE Diffusivity of enzymes in bulk soil m2 s�1

fA/D Switching function for active-dormant state transition e

fD/A Switching function for dormant-active state transition e

hD Transfer coefficient for dissolved organic C d�1

hE Transfer coefficient for enzymes d�1

EP Enzyme production rate gC m�3 d�1

ET Evapotranspiration rate m d�1

I Rainfall rate m d�1

IL Litterfall rate gC m�3 d�1

MB Mortality of active microbial biomass gC m�3 d�1

MB,D Mortality of dormant microbial biomass gC m�3 d�1

PA/D Transfer from active to dormant population gC m�3 d�1

PD/A Transfer from dormant to active population gC m�3 d�1

L Deep percolation rate m d�1

LD Leaching of dissolved organic C gC m�3 d�1

LE Leaching of enzymes gC m�3 d�1

RG Growth respiration gC m�3 d�1

RM Maintenance respiration gC m�3 d�1

U Microbial uptake gC m�3 d�1

s Relative volumetric soil moisture e

4 Coefficient for increased transition to
dormancy under limited C supply

e

P Osmolyte allocation gC m�3 d�1

j Soil matric potential MPa
UB Osmotic potential of the microbial cell, UB¼j � pB MPa
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et al., 2007). The osmolyte demand, however, might not be met in
dry soils due to limited substrate availability (Boot et al., 2013;
Kakumanu et al., 2013). In such conditions, switching to a
dormant state could be a successful strategy (or the only option),
allowingmicrobes to avoid drought and await moister conditions to
resume metabolic activity.

Dormancy may be a useful strategy to maintain a functional and
diverse microbial community in the long term (Bär et al., 2002;
Jones and Lennon, 2010). However, dormancy may result in
delayed recovery of activity upon rewetting (Placella et al., 2012),
possibly causing inefficient use of resources that are rapidly made
available immediately after a rainfall event. It is also conceivable
that extra-cellular enzyme production could be tuned to maximize
C uptake (Vetter et al., 1998; Allison, 2012; Moorhead et al., 2012).
In drying soils where microbial activity is low, extra-cellular en-
zymes may still be able to degrade organic matter, causing
bioavailable substrates to accumulate, until they become available
upon rewetting (Lawrence et al., 2009; Zeglin et al., 2013). Chang-
ing the rate and timing of extra-cellular enzyme synthesis could
affect these dynamics and certain patterns could maximize the
benefits for the microbes.

The presence of this tradeoff between the contrasting needs of
surviving drought and being active when resources are available
raises the question as to how these strategies (dormancy vs.
drought resistance) are coupled with C allocation in microbes
(osmoregulation and enzyme synthesis) and ultimately affect soil C
storage and respiration pulses. Considering the wide range of mi-
crobial responses to drought that has been observed (Freckman,
1986; Lennon et al., 2012), it is conceivable that different microbi-
al communities may employ different strategies depending on the
rainfall regime. Here, three eco-physiological modes of response
that shape a range of life-history strategies are considered. How
each mode functions under varying moisture regimes is evaluated
for i) osmoregulation, ii) dormancy/reactivation, and iii) extra-
cellular enzyme synthesis. Despite a large degree of flexibility in
these strategies, physical limits to acclimation exist (e.g., limited
soil and substrate diffusivity) that might constrain the possible
range of responses (Manzoni et al., 2012). The question of how
these physical processes and physiological responses interact to
originate the observed respirationesoil moisture relation has not
yet been fully addressed. Here, this question is addressed from a
theoretical perspective using a novel process-based soil biogeo-
chemical model that accounts for key physical constraints and
physiological responses to drought.

Current soil biogeochemical models employ empirical kinetic
rate modifiers to account for soil moisture effects on microbial
respiration (Rodrigo et al., 1997; Bauer et al., 2008; Moyano et al.,
2012). Typically, these modifiers increase from zero at a lower
soil moisture threshold to a unitary value around the soil field ca-
pacity or at soil saturation (Manzoni and Porporato, 2007;
Lawrence et al., 2009). Other models describe respiration as a
function of substrate and oxygen availabilities, which are linked to
soil moisture via empirical diffusivity functions (Skopp et al., 1990;
Schjonning et al., 2003; Davidson et al., 2012). While accounting in
part for diffusion constraints, these models neglect microbial
physiological responses to water limitation, and hence cannot
capture the mechanistic drivers of the respirationemoisture and
soil Cemoisture relations.

To provide a description of these processes that captures phys-
iological mechanisms of moisture/drought response, a
physiologically-based soil C model accounting for solute diffusion
limitations and the dynamics of osmoregulation and dormancy is
proposed. Using this model, we first investigate how physiological
traits and strategies (osmoregulation, dormancy/reactivation,
enzyme production) and physical constraints (diffusivity) control
the long-term partitioning of soil C among different pools along
moisture gradients. Next, how these biological and physical con-
straints alter the shape of the respirationemoisture relation and C
allocation in microbes during drying and rewetting cycles is
assessed.

2. Theory

2.1. Model structure

To focus on the microbial responses to soil moisture variations,
soil carbon (C) pools and fluxes only are considered, assuming that
nutrients are not limiting. Compartments are expressed as g C m�3

of soil and fluxes as g C m�3 d�1 (full lists of symbols and their units
are reported in Tables 1 and 2). Themodel is to be interpreted at the
daily time scale, allowing the elimination of some processes that
occur at faster scales. We also focus on the effects of water avail-
ability and neglect temperature effects. The proposed model is
lumped in space, so that respiration on an area basis (g C m�2 d�1)
is simply obtained by multiplying the respiration flux by the mean
soil depth (Zr). The model builds on the structure proposed by
Schimel and Weintraub (2003), which includes soil organic matter
substrates (CS), soluble organic substrates (CD), microbial biomass
(CB), and enzyme pools (CE) (variables and fluxes are defined in
Fig. 1). Here, a compartment of dormant biomass (CB,D) and two
compartments for intra-cellular osmolytes in the active and
dormant biomass (CO and CO,D, respectively) are added to improve
the description of water stress physiology. We emphasize that
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osmolyte pools are described separately from the other compo-
nents of microbial biomass (included in CB); therefore, the total
microbial pool as would be measured by fumigation extraction is
given by CB þ CB,D þ CO þ CO,D.

Soil organic C receives a litterfall input (IL) and is decomposed
(D) by enzymatic reactions to soluble compounds that feed the CD
compartment. Microbes take up these compounds (U) and allocate
them for growth (the fraction eU, with e denoting the microbial
growth efficiency), enzyme production (EP), and synthesis of
osmolytes (P). Respiration associated to growth (RG¼ (1� e)U) and
maintenance (RM) are also accounted for (as described below,
respiration associated to enzyme production is already included in
the growth efficiency). We neglect instead C allocation to extra-
cellular compounds other than enzymes (e.g., extra-cellular poly-
saccharides). Exchanges between active (subscript A) and dormant
biomass (subscript D) are denoted by PD/A and PA/D. The transi-
tion to dormancy may be enhanced by lack of substrates to syn-
thesize osmolytes, so that in some conditions PA/D is increased by a
factor 4 > 1 (Section 2.3.1). Active and the dormant biomass also
decay due to mortality (MB, MB,D), feeding the soluble organic
matter compartment. Osmolytes released upon rewetting
(PD/ACO,D/CB,D) and associated to mortality of both active and
dormant populations are also returned to the CD pool. Enzyme and
soluble organic C may also be lost through leaching (respectively LE
Table 2
List of time-invariant parameters and their values.

Symbol Description Value

a1 Mass of water per unit dry mass of biomass 1.4
a2 Mass of C per unit dry mass of biomass 0.5

a3 Molecular weight of a representative osmolyte 60
a4 Dry weight per cell 10�13

b Exponent of the water retention curve 4.9
cA/D Osmolyte concentration at half the rate kA4D 0.01e0.2
CD,0 Soluble organic C concentration outside the microbial cell 0
CE,0 Enzyme concentration outside the microbial cell 2e10
DD,0 Diffusivity of dissolved organic C in pure water 8.1 � 10�

DE,0 Diffusivity of enzymes in pure water DD,0/10
e Growth efficiency 0.5
kA4D Maximum rate of transition between microbial activity states 1
kA/D Maximum rate of transition from active to dormant state kA4D

kB Mortality rate of active population 0.012
kB,D Mortality rate of dormant population kB/10
kD Maximum rate of decomposition 10�3

kD/A Maximum rate of transition from dormant to active state kA4D

Kd Solid-liquid partition coefficient 10�5

kE Enzyme de-activation rate 0.05
kM Maintenance respiration rate 0.022
ksat Soil hydraulic conductivity at saturation 0.8
m1 Empirical exponent 1.5
m2 Empirical exponent 2.5
n Soil porosity 0.43
R Gas constant 8.314
sth Diffusion threshold 0.18
T Temperature 298
Zr Soil depth 0.4
c Parameter group, c ¼ a1a3/(a2rwRT) 0.067
g CO/CB ratio for constitutive osmolyte production 0.026
d Characteristic distance between microbial cells and substrate 10�5 to 1
n Scaling coefficient, nzdA/V 6
pB Microbial turgor pressure 0.1
rb Soil bulk density 1.2 � 106

rw Density of liquid water 106

jA/D Water potential at 50% of the maximum rate kA/D pB � cA/
�g/c ¼ �

jD/A Water potential at 50% of the maximum rate kD/A jA/D/4
jsat Soil water potential at saturation �0.002
u Sensitivity parameter for the switching functions 4

a Asterisks indicate parameters varied in the sensitivity analyses.
and LD).With reference to Fig.1, themass balance equations of the C
pools can be written as,

dCS
dt

¼ ILðtÞ � D; (1)

dCD
dt

¼ DþMB

�
1þ CO

CB

�
þMB;D

�
1þ CO;D

CB;D

�
þ ED þ PD/A

CO;D
CB;D

� U � LD;

(2)

dCE
dt

¼ EP � ED � LE; (3)

dCB
dt

¼ U � RG � RM � EP �Pþ PD/A � 4PA/D �MB; (4)

dCB;D
dt

¼ 4PA/D � PD/A �MB;D; (5)

dCO
dt

¼ P� ðPA/D þMBÞ
CO
CB

; (6)
Units Sources and notes

g g�1 (Potts, 1994; Dotsch et al., 2008)
gC g�1 (Bratbak and Dundas, 1984; Loferer-Krossbacher

et al., 1998)
g mol�1 For glutamate or proline
g cell�1 (Loferer-Krossbacher et al., 1998)
e (Rodriguez-Iturbe and Porporato, 2004)
gC gC�1 Assumed rangea

gC m�3 Assumed
gC m�3 Assumed rangea

10 m2 s�1 For amino acids, after Jones et al. (2005)
m2 s�1 (Vetter et al., 1998)
e (Schimel and Weintraub, 2003)
d�1 Assumed
d�1 Assumed
d�1 (Schimel and Weintraub, 2003)
d�1 (Bär et al., 2002)
m3 gC�1 d�1 Derived from Schimel and Weintraub (2003)
d�1 Assumed
m3 g�1 (Raab et al., 1999)
d�1 (Schimel and Weintraub, 2003)
d�1 (Schimel and Weintraub, 2003)
m d�1 (Rodriguez-Iturbe and Porporato, 2004)
e (Hamamoto et al., 2010)
e (Hamamoto et al., 2010)
e (Rodriguez-Iturbe and Porporato, 2004)
J mol�1 K�1

e Assumed equal to the plant wiling point
K Assumed
m Assumed
MPa�1 Calculated
e (Boot et al., 2013)

0�3 m Assumed rangea

e Calculated
MPa (Potts, 1994)
g m�3 Assumed
g m�3

D/c MPa For inducible osmolytes: calculated as a function of cA/D

0.4 MPa For constitutive osmolytes: calculated at pB ¼ 0
MPa Assumed
MPa (Rodriguez-Iturbe and Porporato, 2004)
e Assumed
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dCO;D
dt

¼ PA/D
CO
CB

� �PD/A þMB;D
�CO;D
CB;D

; (7)

The full explanation of these equations and the mathematical
representations of the C fluxes are described in the following
sections.
2.2. Microbial metabolism

The decomposition flux is defined following Schimel and
Weintraub (2003),

DðCS;CEÞ ¼ kDCSCE; (8)

where kD is the maximum rate of decomposition. Substrate uptake
bymicrobes is described as amass transfer processmediated by soil
moisture,

UðCDÞ ¼ hDðsÞ
�
CD � CD;0

�
zhDðsÞCD; (9)

where hD is a mass transfer function accounting for diffusion lim-
itations in the delivery of dissolved compounds to microbes (Sec-
tion 2.5), and CD,0 the substrate concentration at the cell surface,
assumed here to be much smaller than in the bulk soil. Equation (9)
assumes that C uptake is solely controlled by its availability and not
by the amount of active biomass. This approximation holds when
either a fraction of active biomass is always present, or when the
recovery from dormancy is sufficiently fast to restore an active
population. It is also possible that microbial groups exhibit different
responses to the available dissolved substrates, resulting in a
community-level uptake rate that differs from the highly idealized
Equation (9), possibly depending also on CB (Ågren and
Wetterstedt, 2007).

Enzyme activity tends to decline in dry conditions (Toberman
et al., 2008; Steinweg et al., 2012). However, this decline is slower
than that of solute diffusivity and microbial activity, so that the
function D is assumed to be independent of soil moisture. Microbial
mortality and enzyme deactivation are described as first order rate
processes (Schimel and Weintraub, 2003), with kinetic constants
denoted by kB, kB,D, and kE. Also, the dormant population is assumed
to decay slower than the active population, so that kB > kB,D (Bär
et al., 2002). As a consequence, depending on the climatic condi-
tions that trigger dormancy and the difference between the mor-
tality rates of the two populations, the model is able to reproduce
scenarios ranging from no dormant biomass (favorable moisture
Fig. 1. Model scheme: boxes represent carbon compartments and arrows indicate
fluxes (the direction of the arrow is consistent with the sign convention used in the
equations). Dashed boxes highlight the association between the biomass and osmolyte
pools; symbols are defined in Table 1.
and relatively high kB,D) to a large dormant fraction of the popu-
lation (frequently dry or C-poor soils and low kB,D). In Equations (6)
and (7), the last terms on the right hand side represent the osmo-
lyte transfer to the pool of dissolved C associated to mortality from
both active and dormant populations. The fate of excess osmolytes
after rewetting is still debated (e.g., see Halverson et al., 2000;
Tiemann and Billings, 2012). Here, it is assumed that after rewet-
ting, osmolytes in excess are released from the dormant biomass to
the environment (i.e., the term PD/ACO,D/CB,D in Equation (2)),
whereas excess osmolytes in the active biomass are metabolized.
When osmolytes are metabolized due to increased water potential,
the flux P in Equations (4) and (6) turns negative (Section 2.3.1).

The respiration formulation deviates from the one in Schimel
and Weintraub (2003). Here, a constant fraction of the C taken up
(U) is assumed to be respired to build biomass or intra-cellular
compounds (RG ¼ (1 � e)U). As a result, the net input of C into
the microbial biomass is given by eU. From this input, maintenance
respiration (RM ¼ kMCB) and C used for enzyme and osmolyte
synthesis are subtracted. No specific respiration terms are associ-
ated with enzyme and osmolyte synthesis because they are already
accounted for in the growth efficiency e.

The enzyme pool receives an input EP from the microbial
biomass. Assuming that enzymes diffuse in the soil like soluble
organic C (albeit with a different diffusivity, see Section 2.5), in
analogy to Equation (9) we can write,

EPðCEÞ ¼ hEðsÞ
�
CE;0 � CE

�
; (10)

where the enzyme concentration at the microbial cell surface, CE,0,
is fixed. When enzyme concentration increases or when soil
moisture decreases, thus reducing hE, Equation (10) predicts lower
enzyme production. In this way, C investment in enzymes is
regulated based on demand (linked to the dynamics of CE), delivery
efficiency (mediated by hE), and biological strategies, which set the
value of CE,0. Equation (10) implies that enzyme synthesis is un-
coupled from growth; however, both enzyme synthesis and
growth depend on diffusivity (through hD and hE), so that EP re-
mains low when substrate availability is limiting growth in dry
conditions.

Osmolyte production (P) is defined so that the concentration of
osmolytes in the microbial cells balances changes in soil water
potential (Section 2.3). The exchange of biomass between active
and dormant compartments (PD/A and PA/D) is described in Sec-
tion 2.4. Osmolytes associated with active biomass that becomes
dormant accumulate in the CO,D pool (at a rate PA/DCO/CB), from
which they are returned to the soluble organic matter compart-
ment when the dormant microbial biomass is reactivated (at a rate
PD/ACO,D/CB,D).

2.3. Osmoregulation

Two osmoregulation strategies are implemented: i) inducible
osmolyte synthesis that allowsmaintaining a stable turgor pressure
(Section 2.3.1) and ii) constitutive osmolyte synthesis, in which a
constant osmolyte concentration is maintained, while turgor
pressure fluctuates following changes in soil water potential (Sec-
tion 2.3.2).

2.3.1. Inducible osmolyte production
Microbes are assumed to maintain a stable turgor pressure (pB)

by altering the osmotic potential of the cells (UB) as soil matric
potential (j) changes. Thermodynamic equilibrium is assumed for
simplicity so that the matric potential is matched by the sum of
turgor pressure and osmotic potential, j ¼ pBþUB. Hence, for a set
value of pB, microbial osmoregulation has to vary UB as soil



Fig. 2. Ratio of osmolyte C to microbial C (CO/CB) as a function of water potential (j),
for two contrasting response strategies: inducible osmolyte production (solid line,
circles and triangles) and constitutive osmolyte production (dashed line, filled di-
amonds). Organisms showing inducible osmolyte productionwere subject to salt stress
(data for Pseudomonas and Aspergillus are from Schimel et al. (1989); data for the
Streptomyces species are from Killham and Firestone (1984)); the solid line is from
Equation (13), with c ¼ 0.067, without any parameter adjustment. Organisms with
constant osmolyte concentration were sampled under field conditions (Boot et al.,
2013); the dashed line represents the mean CO/CB for this soil community. Data from
a different soil showing a mixed response are also shown (open squares, Warren,
2014); j in this study was estimated using a water retention curve with b ¼ 5 and
jsat back-calculated from the reported soil moisture at field capacity; biomass C was
obtained from chloroform-labile C without further corrections.
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moisture varies. Following Van’t Hoff relation, the osmotic poten-
tial can be related to the concentration of intra-cellular osmolytes
(Griffin, 1981; Dotsch et al., 2008),

UB ¼ j� pB ¼ �RT
X
i

ciz� RTc; (11)

where R ¼ 8.314 J mol�1 K�1, T is the temperature (K), and ci is the
concentration of each osmolyte in the cytoplasm free water
(mol m�3). For simplicity, a single representative compound is
considered (with concentration c), and changes in microbial cell
volume are neglected. Accordingly, c can be converted from amolar
concentration to a concentration of osmolyte C per unit microbial C,

CO
CB

¼ c
a1a3
a2rw

; (12)

where a1 is the mass of water per unit drymass of biomass, a2 is the
mass of C per unit dry mass of biomass, a3 is the molecular weight
of a representative osmolyte, and rw is the density of liquid water.
Assuming that microbial cells are composed of roughly 70% water
(Potts, 1994), but that only 60% of that is ‘free’ (not bound) cyto-
plasmic water available as a solvent for osmolytes (Dotsch et al.,
2008), a1 can be estimated as about 1.4 g of water per g of
biomass dry weight. Parameter a2 is set to 0.5 gC per g of biomass
dry weight (Bratbak and Dundas, 1984; Loferer-Krossbacher et al.,
1998) and a3 ¼ 60, assuming that a representative osmolyte
molecule contains five C atoms, each with molecular weight of
12 gC mol�1 (e.g., glutamate, proline, see Williams and Xia, 2009;
Boot et al., 2013). Inorganic solutes can also be used as osmolytes,
but only in response to extreme water potential values (Killham
and Firestone, 1984), at which the transition to dormancy is
assumed to have already occurred. Accordingly, this contribution is
neglected and the formulation only accounts for organic osmolytes.
We also note that Eq. (12) assumes that solutes are diluted and their
contribution to the value of a1 is neglected.

Combining Equations (11) and (12), the expression linking
osmolyte concentration (per unit biomass C) to soil water potential
is found as,

CO
CB

¼ a1a3
a2rw

pB � j

RT
¼ cðpB � jÞ; (13)

where all the constant parameters are grouped in the coefficient
c ¼ a1a3/(a2rwRT). Microbial turgor pressure pB is assumed con-
stant and equal to 0.1 MPa (Potts, 1994). Based on the parameter
values reported above and at T ¼ 25 �C, c ¼ 0.067, indicating that
when j¼�1MPa about 6% of microbial biomass C is constituted of
osmolytes. Using c ¼ 0.067, Equation (13) predicts well the nearly
linear scaling between cytoplasmic C concentration and water
potential observed up to about �8 MPa in experiments with
controlled salinity (Killham and Firestone, 1984; Schimel et al.,
1989) (Fig. 2). Equation (13) implies instantaneous osmoregula-
tion, which is a reasonable assumption at the daily time scale
considered here, since both accumulation and release of osmolytes
occur at much shorter time scales (Kayingo et al., 2001; Dotsch
et al., 2008).

The concentration of osmolytes per unit microbial C is con-
strained to be only a function of soil water potential by specifying
the fluxP in Equations (4) and (6). This constraint also implies that
the two mass balance equations for CB and CO can be reduced to a
single differential equation in addition to Equation (13). P can be
computed by noting from Equation (13) that
dCO
dt

¼ d
dt

½cðpB � jÞCB� ¼ �cCB
dj
dt

þ cðpB � jÞdCB
dt

; (14)

where the first term on the right hand side describes changes in CO
due to variations in water potential, and the second term accounts
for dilution of osmolytes in the growing (or decreasing) biomass.
Using Equations (6) and (14), P can thus be found as

P ¼ �cCB
dj
dt

þ cðpB � jÞdCB
dt

þ PA/D
CO
CB

þMB
CO
CB

: (15)

Substituting this expression for P into Equation (4), the differ-
ential dCB/dt can be rewritten as,

dCB
dt

¼ eU � RM � EP þ PD/A þ cCB
dj
dt

1þ cðpB � jÞ � 4PA/D �MB; (16)

where the term 4PA/D refers to microbes becoming dormant.
When there are sufficient C resources to match the demand set by
P, 4 ¼ 1; otherwise, 4 > 1 and the transition to dormancy is
accelerated (Equation (17)). By constraining the osmolyte concen-
tration in the active biomass, Equation (16) substitutes Equations
(4) and (6) in the original system of differential equations.

When solute diffusivity declines, the microbial biomass cannot
be supplied with enough soluble organic C to meet the demand for
osmolyte production, set by P (Equation (15)). Under these con-
ditions, it is assumed that P is limited by the rate of C assimilation,



Fig. 3. A) Normalized transition rates between active and dormant biomass (fA/D) and
vice versa (fD/A), as a function of soil water potential (j), for inducible (black curves)
and constitutive (gray) osmolyte production (Equations (22) and (23), with
jD/A ¼ jA/D/4, u ¼ 4). B) Effect of relative volumetric soil moisture (s) on solute
diffusivity (DS/D0, Equation (24)), for three soil types (hydraulic parameters are from
Rodriguez-Iturbe and Porporato (2004)).
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eU, and the rate of transition to the dormant state increases by a
factor 4 (note that this increase is de-coupled from the transfer of
osmolytes from the active to the dormant population). For Equation
(13) to still hold, it can be shown that

4 ¼
8<
:

1� 1
PA/D

�
eUþcCB

dj
dt

cðpB�jÞ þ PD/A � RM � EP

�
P � eU

1 P < eU

: (17)

Accordingly, when all assimilated C is used for osmoregulation,
the mass balance equation for the active microbial biomass be-
comes (from Equation (4) by imposing P ¼ eU),

dCB
dt

¼ �RM � EP þ PD/A � 4PA/D �MB: (18)

2.3.2. Constitutive osmolyte production
When constitutive osmolytes are employed, microbes maintain

a fixed concentration of osmolytes in both active and dormant
biomass, i.e., CO/CB ¼ CO,D/CB,D ¼ g. Assuming a constant osmolyte
concentration implies no active osmoregulation as the soil water
potential changes. As a consequence, turgor pressure decreases
with soil moisture, eventually reaching zero. We assume that
dormancy is triggered by this decrease in turgor pressure, so that
microbes remain active as long as their turgor is positive (see
Section 2.6 for details).

Because osmolyte concentrations are proportional to CB and
CB,D, Equations (6) and (7) become redundant. Moreover, we
neglect supply limitations (4 ¼ 1), because osmolyte synthesis
decreases as microbial growth slows down during dry periods,
unlike the case of inducible osmolytes. Based on these assumptions,
the mass balance equation for the active microbial biomass can be
written as,

dCB
dt

¼ eU � RM � EP þ PD/A

1þ g
� PA/D �MB: (19)

2.4. Dormancy and reactivation

The active microbial biomass is assumed to switch to a dormant
state as the osmolyte concentration increases when inducible
osmolytes are used, or as turgor pressure drops to zero when
constitutive osmolytes are used. In the former case, the switch to
dormant state can be equally modeled as a function of osmolyte
concentration or j, because internal osmolytes are regulated as a
function of soil water potential through Equation (13). In the latter
case of constitutive osmolytes, the trigger is pB, which is also linked
to j when osmolyte concentration is fixed. In both cases, the rates
of transfer between active and dormant biomass are described as
first order rate processes (Bär et al., 2002; Jones and Lennon, 2010;
Stolpovsky et al., 2011), where the rate depends nonlinearly on j,

PA/DðCBÞ ¼ kA/DfA/DðjÞCB; (20)

PD/A
�
CB;D

� ¼ kD/AfD/AðjÞCB;D; (21)

where kA/D and kD/A are the maximum rates of transition and
fA/D and fD/A are the switching functions linking the rate of
transition to the environmental conditions. Various mathematical
expressions have been proposed for these functions (Bär et al.,
2002; Jones and Lennon, 2010; Stolpovsky et al., 2011), but they
all have similar sigmoidal shape rising from 0 where no transitions
occur to 1 where the maximum rate is achieved. For simplicity, we
selected a rational function (Fig. 3A),

fA/DðjÞ ¼ ð�jÞu
ð�jÞu þ ð�jA/DÞu

; (22)

which equals 0 at j ¼ 0, indicating that active biomass in well-
watered condition does not switch to a dormant state, increases
to 1/2 at j¼ jA/D, and eventually approaches 1 as j becomesmore
negative, indicating that in dry soils themaximum rate of transition
to the dormant state is achieved. Using Equation (13), the value of
jA/D can be related to a concentration of osmolytes or turgor
pressure, thus giving this parameter a specific physiological
meaning. The exponent u represents the steepness of the curve
around jA/D, with larger values causing a more abrupt transition.
The transition back to the active state follows a relation decreasing
from 1 to 0 as the soil becomes drier,

fD/AðjÞ ¼ ð�jD/AÞu
ð�jÞu þ ð�jD/AÞu

: (23)

where the water potential at 50% of the maximum rate (jD/A) is
less negative than the one in Equation (22). This difference causes a
hysteretic behavior capturing a delay in the response upon rewet-
ting. The actual time delay depends on the speed of the rewetting
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and becomes negligible when rewetting is rapid and sufficiently
intense to increase water potential to values close to zero (above
the soil field capacity).

For simplicity, the maximum rates of transition are assumed
equal, denoting them by kA4D. Also, mortality upon rewetting is
neglected, as microbes can release osmolytes rapidly (with respect
to the daily time scale) when conditions change (Kayingo et al.,
2001), leading to little cell lysis (Fierer and Schimel, 2003). The
four parameters kA4D, jA/D, jD/A, and u in Equations (20)e(22)
represent specific eco-physiological traits that determine the
drought response strategy of the microbial community. Impor-
tantly, the values of jA/D and jD/A depend on the osmolyte syn-
thesis strategy, as described in Section 2.6.

2.5. Diffusion of dissolved organic C and enzymes

As soil moisture decreases, the water-filled pores become
smaller and eventually disconnected, thus decreasing the effective
solute diffusivity in the soil (DS), which in turn affects the transfer of
solutes to the microbial cells. The dependence of solute diffusivity
on soil moisture is described by the empirical function (Moldrup
et al., 2001; Olesen et al., 2001b; Hamamoto et al., 2010) (Fig. 3B),

DDðsÞ
DD;0

¼ nm1ð1� sthÞm1

�
s� sth
1� sth

�m2

; (24)

where sth the percolation threshold for solute diffusion (assumed
equal to the soil moisture at the plant wilting point for simplicity),
m1 and m2 are two empirical exponents (about 1.5 and 2.5,
respectively), and DD,0 is the diffusivity of the solute in pure water.

Using Equation (24) and setting geometric constraints on the
location of microbial cells or colonies with respect to their sub-
strates, it is possible to compute the mass transfer function hD
(Equation (9)),

hDðsÞz
1

nsþ rbKd

DDðsÞ
d

A
V

¼ n

nsþ rbKd

DDðsÞ
d2

; (25)

where d is a characteristic distance between microbes and sub-
strate, A is the area around the microbial colony crossed by the
diffusing substrates, V the volume of soil affecting that colony, Kd is
the solideliquid partition coefficient (m3 g�1), and rb is the soil bulk
density. The term ns þ rbKd takes into account sorption and con-
verts CD (g m�3 of soil) to a concentration in the liquid phase
(Olesen et al., 2001a). As a first approximation, the ratio A/V is
assumed to be approximated by n/d, where the scaling coefficient n
depends on the specific geometry of the soil system. For a spherical
or cubical volume around the microbial cells, n ¼ 6. Analogous
derivations lead to the transfer coefficient for enzyme diffusion
from the microbial cells to the site of reaction, except that the
enzyme diffusivity in pure water (DE,0) is about 1/10 of the diffu-
sivity for dissolved organic substrates due to their larger molecular
weight (Vetter et al., 1998).

2.6. Model parameterization and simulation scenarios

Most model parameters are obtained from published sources
(Table 2). In particular, biogeochemical rates and microbial growth
efficiency are taken from Schimel and Weintraub (2003) and hy-
drologic parameters for a sandy loam soil from Rodriguez-Iturbe
and Porporato (2004, Table 2.1). The chosen parameters are not
meant to describe a specific ecosystem, but to provide a generic
parameterization for processes that are not studied in the sensi-
tivity analyses. A sub-set of eco-physiological parameters could not
be determined based on previous studies: four parameters
encoding the dormancy/reactivation process (kA4D, jA/D, jD/A,
and u) and one describing C investment to enzyme production
(CE,0). To reduce the number of parameters in the sensitivity ana-
lyses, we set u¼ 4 and kA4D ¼ 1 d�1, on the grounds that transition
to dormant state and re-activation generally follow rapidly the
changes in environmental conditions (Oliver, 2005). We also
imposed the constraint that water potential at 50% transition rate to
active status (jD/A) equals 1/4 of the threshold for transition to
dormant status (jA/D), to capture a lagged transition back to active
status upon rewetting.

The value of jA/D is determined in different ways, depending
on the osmolyte synthesis strategy (inducible vs. constitutive). For
inducible osmolytes, jA/D is expressed using Equation (13) as a
function of a threshold osmolyte concentration in the microbial cell
(cA/D), jA/D¼pB�cA/D/c. This representation provides a link be-
tween the rate of transition to dormancy and a possible physio-
logical transition trigger. For constitutive osmolytes, we assumed
that the transition to dormancy occurs when turgor pressure rea-
ches zero. Because microbial cells could exhibit different turgor
pressures, a distribution of pB occurs at the community level. As a
consequence, the community-level transition to dormancy follows
a sigmoidal curve with jA/D corresponding to the water potential
at which the average pB reaches zero. Rearranging Equations (11)
and (13) for pB ¼ 0, this water potential is found as jA/D ¼ �(CO/
CB)c�1. The average value of CO/CB (based on glutamate C) in a soil
microbial community that exhibits little osmoregulation over a
wide range of water potentials was 0.026 (Boot et al., 2013; see
Fig. 2). We use this value, together with the estimated c ¼ 0.067, to
obtain jA/D ¼ �0.4 MPa.

The characteristic distance, d, could not be reliably estimated
based on available data. Hence, it is here treated as an empirical
parameter ranging from aminimumvalue of 10�5 m to a maximum
value of 10�3 m (see Appendix B for details on the estimation of
these bounds). We are not aware of any studies measuring enzyme
concentrations around themicrobial cells and thus assume that CE,0
is about one order of magnitude smaller than the biomass C. With
this assumption, the enzyme synthesis rate strongly depends on
environmental conditions: for a set CE,0, higher moisture levels
favor enzyme diffusion and hence tend to increase the rate of
enzyme synthesis (Equation (10)).

To summarize, we set the values of parameters for which
empirical information is available, and perform sensitivity analysis
on the three remaining most uncertain parameters: cA/D, CE,0, and
d. We also compared the effect of inducible vs. constitutive osmo-
lyte synthesis for each set of parameters. Sensitivity analysis were
performed by illustrating how C fluxes and pools change when
altering the values of these critical parameters and by calculating
the elasticity of heterotrophic respiration to changes in the
parameter values. Elasticity is a non-dimensional measure of
sensitivity defined for a flux F affected by a generic parameter a as

Ea ¼ vF
va

a
F
: (26)

In our case F indicates respiration, which is affected by model
parameters indirectly, through changes in the temporal trajectories
of the C pools. Therefore, the elasticity is estimated numerically by
means of a finite difference approach and through time, based on a
set of simulations with the same initial condition, but different
values of the parameter of interest (baseline � 10%, baseline,
baseline þ 10%).

Two sets of analyses were performed: at steady state and during
transient changes in soil moisture. The steady state of the system is
analytically calculated by imposing that all the time derivatives in
Equations (1)e(7) are zero. Soil moisture is in this case treated as an
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external parameter to be varied according to climatic conditions.
For this analysis, we assumed that the litterfall input declines as the
long-term soil moisture decreases, consistent with declining plant
productivity along a precipitation gradient. Litterfall IL is assumed
to be proportional to the rate of evapotranspiration (Appendix A),
declining from a maximum rate of 10 gC m�3 d�1 under well
watered conditions to zero at the plant wilting point. Steady state
pools are thus represented as a function of soil moisture and the
other eco-physiological parameters. Second, we consider changes
of soil moisture through time and investigate the dynamic response
of the C compartments. For these simulations, we assumed initial
conditions equal to the steady state solution at an intermediate
value of s¼ 0.6, at which microbial activity is not limited by oxygen
(not modeled here) or water availability.

3. Results

3.1. Steady state analysis

The model was first used to assess the partitioning of C among
the different compartments under equilibrium conditions, that is,
Fig. 4. Steady state partitioning of soil C into the main modeled pools, for inducible (A to D
values of the threshold osmolyte concentration (cA/D, increasing from left to right as indica
increasing from top to middle panels following the vertical arrow) are considered. Enzyme C
soluble C (CS) are represented on a fractional basis with respect to the total C stored at ste
in the long-term at a given soil moisture. To allow a visual com-
parison among C pools varying by several orders of magnitude,
Fig. 4 shows the cumulative C fractions on a logarithmic scale: each
shaded area represents the C fraction in a specific compartment,
with blank areas indicating substrate C. Also, water potential is
used instead of volumetric soil moisture to highlight patterns in the
dryer end of the moisture gradient. In general, moister conditions
favor microbial growth and hence the fractions of active microbial
biomass and enzyme C are larger. Moving towards drier conditions,
osmolytes accumulate and part of the microbial biomass turns
dormant. In very dry conditions, the dormant biomass becomes
predominant and osmolyte concentrations decline (as a fraction of
total soil C), as microbes switch from osmoregulation to dormancy.
In these dry conditions, solute diffusivity is low and hence soluble
organic C may accumulate relative to the other pools.

These patterns depend strongly on microbial strategies to cope
with water stress. Increasing investment in enzymes (larger CE,0)
may increase the pool of soluble organic C, thus partly overcoming
diffusion limitations as soils dry. As a consequence, larger CE,0 fa-
vors the transfer of C from SOM to the microbial pools at any soil
moisture level (compare Fig. 4Awith Fig. 4C). In contrast, producing
) or constitutive osmolyte production (E). In the case of inducible osmolytes, different
ted by the horizontal arrow) and enzyme concentration around the microbial cell (CE,0,
(CE), osmolyte C (CO þ CO,D), active and dormant biomass (respectively CB and CB,D), and
ady state in the soil (blank areas represent CS).
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larger osmolyte concentrations before becoming dormant (larger
cA/D) allows microbes to remain active at lower soil moisture
(compare Fig. 4A with Fig. 4B). However, larger cA/D lowers the
overall biomass C compared to the case of low cA/D. As a result, the
osmolyte amounts necessary to sustain this smaller biomass pool is
also reduced. Microbes that maintain a fixed osmolyte concentra-
tion will become dormant earlier than microbes employing
inducible osmolytes, because they have lower cA/D (Fig. 4E). Hence,
the steady state dormant biomass pool for microbes with consti-
tutive osmolytes extends to less negative water potentials than in
the case of inducible osmolytes.

3.2. Temporal dynamics during dry/wet cycles

Figs. 5 and 6 illustrate the temporal evolution of the C com-
partments and fluxes, respectively, during two drying periods
interspaced by a rainfall event that restores well-watered condi-
tions (Fig. 5A). The different colors of the curves indicate inducible
(black) and constitutive (gray) osmolyte synthesis. As the soil dries,
three phases characterizing microbial metabolism can be recog-
nized: i) stable microbial phase in well-watered conditions, ii)
active osmoregulation in response to changes in soil water poten-
tial (only for inducible osmolytes), and iii) transition to dormant
state as the threshold osmolyte concentration in the cell is reached.
Fig. 5C shows the decline of the active biomass pool as the osmolyte
concentration (Fig. 5D) reaches the threshold cA/D, at which the
rate of transition to dormancy is half of the maximum rate. As a
result, the dormant population and its own osmolyte pool increase
until they stabilize when the whole population has become
dormant. As these physiological changes occur, the rate of substrate
supply declines due to decreasing solute diffusivity (Fig. 6A). As a
result, soluble organic C increases because enzyme activity is not
inhibited by low moisture values (Fig. 5B). Upon rewetting, large
amounts of dissolved C become suddenly available and can be
Fig. 5. Behavior of modeled soil C compartments during two drying-wetting cycles, for indu
soil moisture (s) and soil water potential (j), B) soluble organic C (CD) and enzyme C (CE),
dormant biomass (CO and CO,D, respectively). Parameter values are reported in Table 2, exce
because at this short time scales they are not significant and CS can be regarded as an alm
taken up by the reactivated microbial population, resulting in a
respiration pulse. Because this pulse of activity rapidly depletes the
DOC pool, microbial growth quickly stabilizes, until water avail-
ability changes again. During rewetting, osmolytes associated to the
dormant population are recycled as dissolved C, and osmolytes
associated to the active population are converted to new biomass
(negative P in Fig. 6D).

Microbes with inducible (black curves) and constitutive (gray)
osmolytes share the main features of these patterns. However,
microbes with constitutive osmolytes turn to a dormant state
earlier during the soil drying, resulting in earlier peaks of dormant
biomass and active to dormant biomass transition rates. The
shorter active period in microbes using constitutive osmolytes
causes lower enzyme production and therefore slightly lowers
accumulation of soluble substrates (Fig. 5B). However, lower
maintenance respiration during the dry period counters the lower
substrate availability (Fig. 6B), making the overall C balance of the
two osmoregulation modes comparable.

Soil moisture effects on C fluxes during a prolonged drying event
are shown in Fig. 7, for different values of the eco-physiological
parameters cA/D and CE,0, and at two different distances between
substrates and microbes, d. As soil moisture decreases, substrate
supply to the microbes (and to a lesser extent also the decompo-
sition rate) declines, as also noted in Fig. 6. As a consequence,
respiration declines too. Dry conditions first trigger osmoregulation
(Fig. 7D) and later dormancy as soil moisture declines (Fig. 7E).
Moreover, the decreased enzyme diffusion rate as soil dries lowers
C allocation to enzyme production (Equation (10); see Fig. 7B).
Allocating more resources to enzymes (larger CE,0) would improve
uptake rates, but would not alter the soil moisture level at which
respiration stops (not shown). In contrast, switching to dormancy
at higher cA/D may delay the reduction of respiration, because
microbes become dormant in drier conditions (Fig. 7C). This dif-
ference is particularly noticeable between microbes with inducible
cible (black curves) and constitutive osmolyte production (gray; only shown in B-D). A)
C) active (CB) and dormant biomass (CB,D), and D) osmolytes associated to active and
pt d ¼ 10�4 m, cA/D ¼ 0.1, CE,0 ¼ 5 gC m�3. The temporal changes of CS are not shown
ost constant substrate pool.



Fig. 6. Behavior of modeled soil C fluxes during two drying-wetting cycles, for inducible (black curves) and constitutive osmolyte production (gray; only shown in AeC). A)
decomposition (D) and uptake (U), B) maintenance (RM) and growth respiration (RG), C) exchanges of biomass between active and dormant compartments (PA/D and PD/A), and D)
osmolyte production (P), osmolyte accumulation in dormant biomass (PA/DCO/CB), and release upon rewetting from the dormant biomass (PD/ACO,D/CB,D). Parameter values are as
in Fig. 5.

Fig. 7. Selected C fluxes and pools as a function of soil moisture (s) during a prolonged soil dry-down, for different osmoregulation strategies (constitutive vs. induced osmolytes),
different values of the threshold osmolyte concentration, cA/D, and of the characteristic distance, d. A) microbial uptake, U; B) enzyme production, PE; C) total heterotrophic
respiration, RG þ RM, D) osmolyte production,P; E) rate of transition from active to dormant biomass, PA/D; F) ratio of total osmolyte C to total biomass C. Note that solid and dashed
lines in AeB are superimposed; parameter values as in Fig. 5, except for d and cA/D, which are varied as indicated.
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(dashed and solid curves) and with constitutive (dotted) osmolytes
e the latter switching to the dormant state and slowing respiration
at relatively high soil moisture. Hence, different combinations of
these microbial traits may alter the shape of the respiration-soil
moisture relation.

Different distances between substrates and microbes also alter
the relations between soil moisture and C fluxes. A larger d inhibits
mass transfer at any soil moisture level (Equation (25)), resulting in
gradual declines of uptake and respiration starting in relatively
moist conditions (gray lines in Fig. 7A and C). Moreover, lowered C-
supply to the microbes starts limiting osmolyte production
(Fig. 7D), which triggers a faster transition to the dormant state,
relative to the rate of C uptake (Fig. 7E). Hence, large values of
d (analogous to deeper soils with lower substrate and biomass
concentrations, or to stable aggregates un-accessible to microbes)
cause respiration to stop earlier during the drying event (i.e., at
higher soil moisture) than would occur with a small value of d.

The sensitivity analysis employing the elasticity of heterotrophic
respiration (not shown) largely confirms the patterns shown in
Fig. 7. Sensitivities increase as soil moisture decreases, except under
extremely dry conditions when C fluxes are practically zero and
insensitive to changes in the parameter values. Increases in d, cA/D,
and CE,0 respectively cause strong declines (Ed< 0), strong increases
(EcA/D > 0), and moderate increases in respiration (ECE,0 > 0, but
generally smaller in absolute value than Ed and EcA/D). Interest-
ingly, the effect of CE,0 increases when d is smaller, implying that
microbial enzyme synthesis strategies play a role only when sub-
strates are accessible.

Fig. 8 shows the total C exchanged in different processes over an
extended dry period, as a function of cA/D and d. The lowered C
supply when d is large makes it difficult to invest C in osmolyte
production and thus to maintain active microbial cells in dry con-
ditions. As a result, C allocation to osmoregulation may be small for
large d (Fig. 8A), causing lower C uptake as well (Fig. 8B). A limited
allocation to CO is also achieved when the osmolyte concentration
triggering dormancy is low, i.e., microbes become dormant at soil
moisture levels sufficiently high not to require much osmolyte
accumulation. In this case, however, C uptake over the duration of a
dry-down is less affected than C investment, because most of the C
is taken up when the soil is still moist and most microbes are active
(compare Fig. 8A and B at low cA/D). Total respiration exhibits a
similar pattern, increasing as cA/D is increased and d is decreased
(Fig. 8C). As a result, the microbial C balance during this single dry-
down (total uptake minus total respiration) is positive only for
small values of d. In contrast, for large d, the C uptake is too small to
Fig. 8. A) Total amount of C invested in inducible osmolytes (denoted by PT), B) total C upt
during a 20 day soil drying event for different combinations of the threshold osmolyte conce
support respiration demands and hence the biomass pool
decreases.

4. Discussion

4.1. A trait-based approach to modeling microbial responses to
drought

Numerous soil C models describe microbial growth and re-
sponses to changes in substrate availability (for a review, see
Manzoni and Porporato, 2009), including in some cases also explicit
representations of substrate diffusion limitations (Allison, 2005;
Ginovart et al., 2005; Davidson et al., 2012; Resat et al., 2012), or
dormancy (Blagodatsky and Richter, 1998; Bär et al., 2002; Resat
et al., 2012). Here we propose a model that couples an approxi-
mated representation of diffusion limitations due to low moisture
content to a description of osmoregulation, dormancy, and extra-
cellular enzyme synthesis in soil microbes, thus offering an inte-
grated modeling platform to assess microbial responses to changes
in moisture. In the proposed model, physiological and physical
factors are clearly separated. Equation (9) describes changes in the
uptake rate due to diffusion limitations, but it does not capture the
physiological responses to water stress, which are instead modeled
by the osmoregulatory, dormancy/reactivation, and enzyme syn-
thesis mechanisms (Sections 2.2, 2.3, and 2.4).

Different from previous models, microbial responses to mois-
ture changes are encoded in a set of parameters that represent
specific eco-physiological traits. The variation of these traits in a
community mirrors long-term strategies adopted to cope with a
given environment (Allison, 2012; Lennon et al., 2012; Schimel and
Schaeffer, 2012;Wallenstein and Hall, 2012; Evans andWallenstein,
2013). Having these microbial traits and strategies clearly encoded
into model parameters allows developing mathematical theories to
explain observed patterns and to produce new hypotheses. Our
results indeed suggest that different strategies may cause different
patterns in C cycling during dry periods, affecting the predicted
community-level relations between soil moisture and substrate
consumption, enzyme production, respiration, dormancy/reac-
tivation, and total osmolyte concentration in microbial biomass
(Fig. 7). This variability of the biogeochemical responses to drying
and rewetting cannot be captured by simpler models that use
empirical moisture-dependent rate modifiers (Rodrigo et al., 1997;
Bauer et al., 2008). The downside of the proposed representation is
an increase in model complexity that might require support from
specific empirical studies e e.g., assessing osmolyte concentrations
ake (UT), and C) total respiration (RT, including maintenance and growth components)
ntration, cA/D, and the microbe-substrate distance d. Other parameters are as in Fig. 5.
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or identification of the dormant vs. active fractions of the microbial
biomass.
4.2. Alternative life-history strategies to cope with moisture
changes

The developed model captures community-level responses,
assuming that the model parameters are representative of the
mean microbial traits in a given community. Hence, variations in
response strategies can be interpreted as changes in the mean
community response, as it would occur, e.g., across soil types or
climatic conditions. Nevertheless, model results can be used to
define a set of life-history strategies, based on different combina-
tions of microbial parameters (Fig. 9). A similar trait-based char-
acterization has been proposed between microbial producers vs.
cheaters (Allison, 2005), among microbes adopting different stra-
tegies of resource acquisition (Allison, 2012), between opportunists
vs. specialists with regard to C substrates (Moorhead and
Sinsabaugh, 2006) or varying environmental conditions (Lennon
et al., 2012; Wallenstein and Hall, 2012; Evans and Wallenstein,
2013), and between microbes undergoing dormancy vs. tolerating
adverse conditions (Bär et al., 2002; Jones and Lennon, 2010). Here
we extended these characterizations by fully coupling the dy-
namics of osmoregulation, enzyme production, and dormancy.

Microbes that tolerate drought by synthesizing osmolytes to
buffer changes in soil water potential are able to remain active in
dry conditions, thus exploiting the available resources throughout
the dry period. Compatible solutes used for osmoregulation also
serve other functions, which may play a role in a hypothetical
‘optimization’ of microbial C economy (Welsh, 2000), although
these functions are not considered here for simplicity. However,
resources to synthetize osmolytes may be limited by lowered
diffusion (Skopp et al., 1990; Manzoni et al., 2012), so that investing
large amounts of C for osmoregulation might have relatively small
returns (Figs. 8 and 9). Active osmoregulation is thus expected to be
of limited utility in mineral soils in dry climates, whereas in litter
(where diffusion limitation is less important) it could be more
useful. Nitrogen availability (not considered in this study) is also
likely to affect drought response strategies, because osmolyte
synthesis requires large amount of nitrogen (Schimel et al., 2007;
Tiemann and Billings, 2011). It is thus possible that under
nitrogen-poor conditions osmoregulation is not feasible. Indeed,
Fig. 9. Conceptual representation of the drought response strategies emerging from
different combinations of microbial traits: osmolyte concentration at 50% rate of
transition to dormancy on the abscissa and sensitivity of osmoregulation to water
availability on the ordinate axis. Shaded areas indicate ‘feasible’ strategies that allow
microbial survival. Increasing the microbe-substrate distance d decreases C supply
(Fig. 7) and thus enlarges the area in which turgor cannot be maintained, regardless of
the osmoregulation strategy.
empirical evidence shows that soil microbes often do not accu-
mulate osmolytes during dry periods (Williams and Xia, 2009; Boot
et al., 2013; Kakumanu et al., 2013), although other recent studies
showed some osmolyte accumulation (Bouskill et al., 2014;Warren,
2014). These results suggest that drought avoidance through
dormancy may be a preferred strategy to cope with low water
availability e especially in frequently dry or C-poor environments.
Indirect support to this hypothesis is provided by evidence of
osmoregulation by microbes grown in saline solutions that reach
water potential levels comparable to dry soils, but without diffu-
sion limitations (Killham and Firestone, 1984; Schimel et al., 1989;
Dotsch et al., 2008; see Fig. 2).

Microbes becoming dormant can avoid dry periods, at the
expense of lowered C uptake (Fig. 9). In the model, dormancy may
be triggered by large concentrations of osmolytes or lack of C
supply to fuel their synthesis (in microbes using inducible osmo-
lytes), or by loss of turgor in microbes that synthesize a constant
amount of osmolytes. These triggers are physiologically meaning-
ful, but have not been apparently tested. Model results suggest that
a rapid transition to a dormant state triggered by relatively low
threshold osmolyte concentrations permits the buildup of a large
dormant pool (with its associated osmolytes, see Fig. 4), poised to
be reactivated as conditions improve. Relying on dormancy can be a
successful strategy as long as reactivation is rapid (Oliver, 2005), so
that soluble substrates becoming available upon rewetting can be
used, and osmolytes are either effectively metabolized (Tiemann
and Billings, 2012) or released fast enough to avoid cell lysis
(Halverson et al., 2000; Fierer and Schimel, 2003).

The model results also show that during dry periods, soluble
organic C accumulates due to reduced physical losses through
leaching and limited consumption by microbes (Zeglin et al., 2013),
while extra-cellular enzymatic reactions continue if even at a
somewhat reduced rate. Rewetting may transport soluble sub-
strates to the microbial cells, which use it rapidly, causing a pulse in
respiration similar to the ones observed in field and laboratory
studies (Miller et al., 2005; Muhr et al., 2010; Carbone et al., 2011;
Göransson et al., 2013; Meisner et al., 2013; Zeglin et al., 2013). Even
though soluble substrates turn over quickly (Bengtson and
Bengtsson, 2007), the predicted behavior of this pool seems more
dynamic than suggested by some empirical evidence (Göransson
et al., 2013). A reason for this discrepancy could be the lack of
assimilation regulation (Equation (9)), which could be added by
including microbial biomass effect in the uptake function (Ågren
and Wetterstedt, 2007). While different microbial traits affect the
rate of change in respiration as soil water potential declines (Fig. 7),
the amount of C released upon rewetting is less affected (Fig. 6),
possibly because all the strategies we considered are characterized
by rapid reactivation from dormancy and the same maximum
growth rates. Hence, with the current parameterization, the in-
tensity and duration of respiration pulses are largely controlled by
the amount of substrate C that has accumulated before rewetting,
and hence by the drought duration rather than by being directly
affected by microbial physiology; this is consistent with experi-
mental results (Miller et al., 2005; Meisner et al., 2013).

Microbes investing more C in extra-cellular enzymes may also
increase the pool of soluble C due to increased rates of decompo-
sition (not shown in the dryingewetting analysis, but illustrated in
the steady-state analysis of Fig. 4). Hence, a large C investment in
enzymes during a brief active period could be an adaptive strategy
to cope with drought (Bouskill et al., 2014). However, larger in-
vestment in enzymes may become detrimental as returns diminish
(Vetter et al., 1998; Allison, 2012) and the accumulated soluble C is
prone to leaching if rewetting is rapid. The overall benefit of in-
vestments in enzyme synthesis thus results from both physical
factors (duration of dry periods and rainfall intensity) and
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biological ones (microbial C balance). A more detailed study
exploring the optimality of this strategy under fluctuating moisture
conditions is warranted. As the time scale of the investigation is
lengthened, changes in microbial community composition (Evans
and Wallenstein, 2013; Zeglin et al., 2013) likely alter the
community-level traits employed in the model. Moreover, tem-
perature effects that have here been neglected would also start to
play a role in the microbial C balance, through effects on enzymatic
kinetics, diffusivity, as well as microbial physiology (Ågren and
Wetterstedt, 2007; Allison et al., 2010; Davidson et al., 2012).

4.3. Conclusions

A process-based model of soil C cycling under varying moisture
conditions is developed where microbial traits regulating drought
responses and physical limitations to C supply in dry conditions are
accommodated. Different combinations of model parameters
define a continuum of microbial strategies. Microbes with active
osmoregulation may resist drought at the expense of large C in-
vestment to osmolytes, whereas microbes with limited osmoreg-
ulation can use the available C for growth, albeit over shorter
periods (Fig. 9). Dormancy becomes the only option when either
osmolyte concentrations in microbial cells become excessive (in
organisms with inducible osmolytes) or when turgor drops to zero
(in organisms with fixed osmolyte concentration). The timing of
dormancy initiation determines for how long during a dry-down
microbes can be metabolically active, but not for how long they
can actually grow. In fact, an active microbe in dry conditions is
unlikely to receive enough substrates to grow due to diffusion
limitations. Hence, drought avoidance through dormancy is a
useful (and perhaps the only) strategy in mineral soils where C
supply constrains growth and osmolyte synthesis.

While both long-term (under steady state conditions) and
short-term (drying-wetting) effects of microbial traits on soil C
dynamics were investigated, the role of previous soil moisture
history has not been accounted for. Microbial life-history strategies
could have evolved in response to a distribution of moisture states
originating from random rainfall occurrences, rather than to the
mean climate as described by our steady state analysis. Thus, the
next step to understand patterns in microbial and soil C along cli-
matic gradients (and to project such understanding to future cli-
matic conditions) is the exploration of how stochastic hydro-
climatic conditions affect the optimality of these drought-
response microbial life-history strategies.
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Appendix A. Soil hydrology

A soil moisture balance is coupled to the soil C model described
by Equations (1)e(7) to provide realistic time-varying water
availability. The soil moisture balance equation can be written as
(Rodriguez-Iturbe and Porporato, 2004),

nZr
ds
dt

¼ IðtÞ � ETðsÞ � Lðt; sÞ � Qðt; sÞ; (27)

where s is the relative volumetric soil water content, n is the soil
porosity, Zr is themean rooting depth, I is the rainfall input, ET is the
evapotranspiration rate, L is the leakage rate (modeled after
Campbell, 1974), and Q represents runoff, modeled as excess satu-
ration. Soil moisture is related to the soil water potential through a
water retention curve approximated by j ¼ jsats

�b (Campbell,
1974). Leaching of enzymes and dissolved organic C is linked to
leakage as,

LE ¼ CELðsÞ
ðsnþ rbKdÞZr

; (28)

LD ¼ CDLðsÞ
ðsnþ rbKdÞZr

; (29)

where the normalization by (sn þ rbKd)Zr accounts for sorption
(Olesen et al., 2001a) and converts the units to obtain a mass flux
(gC m�3 of soil d�1).
Appendix B. Estimation of the characteristic distance
between substrates and microbial cells

In this Appendix, two methods to estimate the characteristic
distance between substrates and microbial cells (d) are presented.
The first method assumes that microbial cells or colonies are
located in a cubic lattice with side d. Based on this premise, the
long-term mean microbial biomass (indicated by CB) can be
expressed as a function of the distance d, which in turn can be
computed at a given CB as,

CB ¼ # cells
soil volume

� Cmass
cell

¼ 1

d3
�ða2a4Þ 0 d ¼

 
a2a4
CB

!1=3

;

(30)

where a2 ¼ 0.5 is the ratio of microbial C to dry weight and a4 is the
dryweight per cell, estimated in the order ofw10�13 g/cell (Loferer-
Krossbacher et al., 1998). Because microbes grow in colonies of 10e
100 cells, a4 is increased up tow10�11 g/colony. Considering a range
of CB between 2 � 102 and 2 � 104 gC m�3 (Cleveland and Liptzin,
2007), we obtain a range of dw3 � 10�5 � 6 � 10�6 m.

The second method assumes that d corresponds to the mean
distance between clusters of microbial cells, computed from sta-
tistical analyses of thin sections from undisturbed soil cores. Using
this approach d is found in the range between 2 � 10�4 and 10�3 m
(Nunan et al., 2002, 2003). The upper values in this range are also
comparable to the characteristic distances between bulk soil and
roots (Manzoni et al., 2013), which are typical sources of organic
substrates for soil microbes. Using this method, the estimates of
d are up to two orders of magnitude larger than using the first
approach (Equation (30)). The large uncertainty in this parameter
calls for a sensitivity analysis over the rangebetween10�5 to 10�3m.
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