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Moisture Fluctuations Modulate Abiotic and Biotic
Limitations of H, Soil Uptake
Matteo B. Bertagni'! (), Fabien Paulot® (©’, and Amilcare Porporato'?

'The High Meadows Environmental Institute, Princeton University, Princeton, NJ, USA, >Geophysical Fluid Dynamics
Laboratory, National Oceanic and Atmospheric Administration, Princeton, NJ, USA, *Department of Civil and Environmental
Engineering, Princeton University, Princeton, NJ, USA

Abstract Soil uptake by H,-oxidizing bacteria is the main sink of the global hydrogen cycle, accounting for
nearly 80% of the atmospheric H, consumption. Although the H, uptake is strongly influenced by soil moisture,
little attention has been paid to coherently couple the water and hydrogen dynamics in soils. Toward this goal,
we improve the mechanistic representation of the H, uptake as a function of soil moisture and highlight the role
of the moisture temporal fluctuations on the biotic consumption of H,. The results show that, due to the strongly
nonlinear relationship between soil moisture and H, uptake, addressing the dry-wet sequences is necessary to
characterize the H, uptake in semi-arid regions correctly. From novel analytical relationships validated with
field data, we also infer the biotic and abiotic limitations in the global soil H, uptake. It is shown that, diffusion
generally limits the uptake in humid temperate and tropical regions, while biotic limitations tend to occur in
very arid or cold soils. Finally, we discuss the implications that climate change may have on the H, soil sink.

Plain Language Summary While hydrogen (H,) is gaining international attention as an energy
carrier with low carbon footprint, a more H,-centered economy may also increase the H, atmospheric
concentration, causing indirect global warming effects (e.g., increasing methane lifetime). The greatest
uncertainty of H, future projections is related to the soil uptake by bacteria, which is widespread worldwide
and accounts for nearly 80% of the H, atmospheric removal. As soil moisture is a major driver of the H, uptake,
we here show the crucial influence of the temporal variability of soil moisture on the H, soil uptake. We
demonstrate that, addressing the dry-wet sequences is necessary to correctly characterize the H, soil uptake in
semi-arid regions, where the intermittent water availability transiently activates the bacterial activity. We also
show that, H, diffusion through the soil generally limits the H, uptake in humid regions, while biotic limitations
tend to occur in hyperarid soils where bacteria suffer the lack of water. Understanding how these limitations
will evolve due to climate change remains an open question.

1. Introduction

Hydrogen (H,) is the second most abundant reactive trace gas in the troposphere, after methane, with an average
concentration of ~530 ppb (Novelli et al., 1999). With a progressive shift toward a more hydrogen-centered econ-
omy (Hydrogen Council, 2020; IEA, 2019), unavoidable leaks to the atmosphere are expected to increase the H,
concentration. Although H, is not directly a greenhouse gas, its atmospheric oxidation—through -OH—might
produce indirect global warming effects, for example, increased lifetime of methane and stratospheric cooling
(Paulot et al., 2021; Tromp et al., 2003; Warwick et al., 2004). As a result, the tropospheric budget of H, has
gained renewed interest during the last decade (see among others Yashiro et al. (2011), Morfopoulos et al. (2012),
Pieterse et al. (2013), Derwent et al. (2020), Paulot et al. (2021) and the comprehensive review by Ehhalt and
Rohrer (2009)).

A peculiar feature of the H, tropospheric cycle is that soil uptake by bacteria accounts for nearly 80% of the trop-
ospheric removal (Ehhalt & Rohrer, 2009; Khalil & Rasmussen, 1990; Novelli et al., 1999; Rhee et al., 2006).
Practically all soils from a broad range of ecosystems worldwide have been found to uptake hydrogen (Conrad &
Seiler, 1980, 1985; Lallo et al., 2008; Meredith et al., 2017; Schmitt et al., 2009; Simmonds et al., 2011; Smith-
Downey et al., 2008; Yonemura, Kawashima, & Tsuruta, 2000), even in extreme environments (Ji et al., 2017;
Jordaan et al., 2020).

From a biotic perspective, the uptake is mediated by H,-oxidizing bacteria that use various kinds of hydrogenase
enzymes to catalyze the break up of the H, molecule (Greening et al., 2015; Lubitz et al., 2014). The microbial
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. :R recent years (see Constant et al. (2009, 2010); Piché-Choquette and Con-

Figure 1. Sketch of the water (light blue) and hydrogen (red) depth-averaged

stant (2019) and the review by Greening et al. (2015)). More interestingly,
increasing evidence (Ji et al., 2017; Leung et al., 2020; Meredith et al., 2014)
suggests that low consumption of atmospheric H, provides dormant bacte-

ria sufficient energy to cope with adverse environmental conditions (e.g., a

drought).
O-horizon,
. Among the various abiotic (e.g., temperature and soil texture) and biotic
\-norizon

(e.g., composition of the microbial communities) factors, there is general
B-horizon . . . . . .
C-horizon agreement that soil moisture plays the main role in controlling the H, soil

Bedrock

uptake (Conrad & Seiler, 1981; Ehhalt & Rohrer, 2011; Schmitt et al., 2009;
Smith-Downey et al., 2006). The reason is that soil moisture strongly affects

balances in the top layers of soil. The inset shows the contribution of the both the bacterial metabolism, that is, the rate at which H, is consumed, and
diffusive barrier (g,) and the topmost soil layer (g) to the total conductance the H, diffusion through the soil air, that is, the rate at which H, becomes
(&7)- available for bacterial consumption. Note that due to the low solubility of H,

in water (Sander, 2015), hydrogen is found in soils mainly as a gas within the

air phase. It has been shown (Conrad & Seiler, 1981; Ehhalt & Rohrer, 2011;
Smith-Downey et al., 2006) that at very low and high level of soil moisture, the soil H, uptake is very limited; in
between, there is an optimal moisture value that maximizes the H, soil uptake. Hence, physical and biotic pro-
cesses concur to create a strongly nonlinear relationship between H, uptake and soil moisture.

Because soil moisture exhibits temporal fluctuations driven by the hydroclimatic forcings, its nonlinear control
on the H, uptake may induce large temporal variations in the capacity of soil microorganisms to consume H,.
Neglecting these fluctuations could lead to large errors in the estimates of the H, soil uptake and consequently in
the long-term predictions of global climate models.

The main goal of the present paper is to provide a modeling framework that blends process-based representations
of ecohydrological and biogeochemical dynamics, capable of capturing the key nonlinearities of the soil moisture
forcing on the H, soil uptake. We start from the spatially explicit mass balances of water and hydrogen in soils to
derive a coupled system of depth-averaged equations (Section 2.1). The equation for the soil moisture dynamics
explicitly resolves the soil moisture fluctuations induced by intermittent rain events and is used when soil mois-
ture measurements are not readily available. The hydrogen dynamics accounts for the diffusive flux between the
atmosphere and the soil (Section 2.2) and the biological H, consumption and production in the topmost layers
of soil (Section 2.3). Results (Section 3) are presented in terms of temporal dynamics and probability density
functions for soil moisture and H,-related quantities (e.g., the deposition velocity v ). We highlight the impact
of soil moisture fluctuations to the H, uptake (Sections 3.3-3.4) and discuss the implications for global climate
models (Section 4.1). From a novel analytical relationship for the deposition velocity v, (Section 3.2), we also
provide fresh insights on the abiotic and biotic limitations to the H, soil uptake and their relation to the different
hydroclimatic regions (Section 4.2). Perspectives on future research are discussed (Section 5).

2. Model

This section provides the modeling aspects of the coupled water and hydrogen dynamics in soil. Figure 1 shows a
sketch of the physical processes involved. The governing equations are introduced in Section 2.1. Diffusive flux
and biological consumption of H, as a function of soil moisture are modeled in Sections 2.2 and 2.3, respectively.

2.1. Coupled Soil Hydrogen and Water Dynamics
Assuming horizontal homogeneity, the balance equation for H, in soil air may be written as,

0/(®c)=—-0:¢+p—bd, 1)

where 7 is time and z is the vertical direction (pointing downward), c(z, 1) (moles/cmiir) is the concentration of
’ fem? ). The product ¢® = ¢, (z, 1)
(moles/cmg’oi]) gives the concentration of hydrogen in a soil volume. The term ¢ = ¢(c, 0, 6) is the flux of H,

hydrogen in the soil air and O(z, ?) is the soil volumetric air content (cm
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between the atmosphere and the soil, which, as later shown, mainly depends on the concentration c, the water vol-
umetric content 0(z, 1), and the depth & of a possible diffusive barrier (e.g., litter or snow); p is the soil production
term, for example, through anaerobic fermentation or nitrogen fixation (Conrad & Seiler, 1980); bd is the biolog-
ical consumption by H -fixing bacteria, which is a poorly constrained function of H, concentration, temperature,
pH, soil salinity, bacteria abundance, soil carbon, and water content (Conrad & Seiler, 1981; Smith-Downey
et al., 2006; Khdhiri et al., 2015). Equation 1 is coupled to the soil water balance equation (e.g., Yin et al., 2019),

0,0 = —0.y — 6(2), @
where y is the vertical water flux per unit area, and o(z, 6) is the plant uptake.

Both Equations 1 and 2 are valid at the so-called Darcy (macroscopic) length-scale. Depending on soil texture,
the Darcy scale can range from few centimeters to decimeters and it defines the smallest scale at which the
continuum hypothesis holds. In the presence of well-defined soil horizons, wherein the chemical, biological
and physical properties can be considered relatively homogeneous, these equations can be vertically averaged
for convenience of description. Soils that have been made vertically homogeneous by agricultural practices, or
where the presence of macroporosity and roots favor the soil water redistribution action, are also suitable for the
depth-averaged approach. The topmost O-horizon (i.e., the litter layer) is typically rather dry and with negligible
biological consumption (Yonemura, Yokozawa, et al., 2000). As a result, it acts as a barrier to H,-fluxes to and
from the atmosphere (Ehhalt & Rohrer, 2013; Yonemura, Yokozawa, et al., 2000). Most of the biological activity
occurs within the A-horizon.

By integrating the previous system (1)—(2) over a depth Z (see Section S1 in Supporting Information S1 for de-
tails), and using @ = n s and ©® = n (1 — s), respectively, where s (z, t) is the relative soil moisture (s = 0 for dry
soil and s = 1 for saturated soil) and  is the porosity (6 + @ = n), one obtains,

nZds=R+J—-I-Q—ET—-L, 3)
nZol(l —5)¢] = F + Z(P — BD), )

where = denotes the average over the depth Z (Figure 1). In Equation 3, R(?) is rainfall, J(¢) is irrigation, I(¢) is the
canopy interception, Q(s) is the surface runoff, ET(s) is the evapotranspiration loss along the depth Z, and L(s)
is leakage. In Equation 4 for the depth-averaged H, concentration (note that n(1 — 5)¢ = &), F is the flux of H,
between the soil and the atmosphere (positive if going into the soil), P and BD are the depth-averaged H, produc-
tion and biological decay within the soil layer. Note that to emphasize the role of the temporal fluctuations of soil
moisture on the hydrogen dynamics, we will later use the moisture Equation 3 or directly field measurements of
soil moisture when available.

2.2. H, Diffusive Flux

The H, flux from the atmosphere boundary layer, through the canopy, the litter (or snow) layer and eventually the
soil is modeled using an electric analogy with conductances (Figure 1),

F =o0gr(c.—0), )

where c_ is the atmospheric concentration of H,, and g, is the total conductance. The latter is the series of the
canopy-atmospheric conductance, the conductance of possible diffusive barriers (such as the litter layer or the
snow cover), and the soil conductance. Since the canopy-atmospheric conductance is generally much higher than
the soil conductance (see Section S2 and Figure S1 in Supporting Information S1), the total conductance can be
evaluated as,

1 1 1

—_— =+ —, 6
8r 8s 8s ©

where g is the conductance of the diffusive barrier and g is conductance of the soil (see inset in Figure 1).

Neglecting advective fluxes (see Section S3 in Supporting Information S1) in favor of molecular diffusion (Eh-
halt & Rohrer, 2013; Yonemura, Yokozawa, et al., 2000), the two conductances are:
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D; D;(5)
8 = 70, g = ( ) @)

where ¢ is the depth of the diffusive barrier (litter layer or snow cover),  serves as a diffusive layer length-scale,
which field analysis (e.g., Schmitt et al., 2009) suggest to be on the order of one centimeter, £ ~ 1 ¢cm, and D, and
D, are the diffusivities. Gas diffusion in soil is greatly influenced by soil physical properties such as texture and
structure, conditioning, pore-size distribution, tortuosity and connectivity. A general form of predicting models
for gas diffusivity in soil is (Moldrup et al., 2013),

%; =an2(1 -3 (8)
where D, (cm?/s) is the free air diffusion coefficient (Yonemura, Yokozawa, et al., 2000). @, are constants that
depend on the model adopted and are here defined after Moldrup et al. (1999) as a, = 1, @, = 2, and a; = 2 + 3/D,
where b is Campbell's parameter (Campbell, 1974) representing local scale heterogeneity in the soil bulk density
(Moldrup et al., 2004)—see Equation 12. Anticipating one of the main conclusions of this work that soil gas dif-
fusivity is one of the controlling processes in H, uptake, we stress the importance of using a versatile and robust
model of soil diffusivity. To this regard, the model used here—also referred to as Buckingham-Burdine-Cambell
model—has been verified to be suitable in a variety of undisturbed natural soils (Moldrup et al., 2004). On the
contrary, the frequently used model by (Millington & Quirk, 1961)—in which &, = 1, @, = 4/3, and a; = 10/3—
has never been validated against gas diffusivity data for undisturbed soils and is instead more suitable for sieved
and repacked soils (Moldrup et al., 2004, 2013). Note that Equation 8 is also used to model H, diffusivity through
the litter layer or snow cover—that is, D; in Equation 7—by considering § = 0 and an arbitrary porosity of 0.5
when measurements are not available.

2.3. Biological Sink

Following (Ehhalt & Rohrer, 2013; Schmitt et al., 2009; Yonemura, Yokozawa, et al., 2000), a first order closure
is assumed for the depth-averaged consumption of atmospheric H, by soil bacteria,

BD =k0O¢, 9

where k (s™') is the rate of biological removal, which ideally depends on the amount of H,-oxidizing bacteria
within the soil and several abiotic parameters that might affect bacteria metabolism such as the soil type, tem-
perature, soil moisture, organic content, pH, and salinity. We here focus on the sensitivity to temperature and soil
moisture, and assume that H,-oxidizing bacteria are spread within the depth Z and are not limited by other abiotic
factors (e.g., pH). This hypothesis could be relaxed as further research sheds more light on the links between
microbial communities and ecosystem and soil types (Khdhiri et al., 2015). Following the common approach
(Ehhalt & Rohrer, 2011; Smith-Downey et al., 2006), we assume that the bacterial metabolism rapidly adapts to
soil moisture and temperature as in,

k® = h(T)f (5)kn, 10)

where k_is the decay-rate in non-limited condition, which is assigned a value of 0.03 s™' (e.g., Morfopoulos
et al., 2012). This is likely a lower bound estimate as it comes from few laboratory experiments with disturbed
(sieved and repacked) soils (Ehhalt & Rohrer, 2011; Smith-Downey et al., 2006) —see Section S4 in Support-
ing Information S1 for a discussion on different representations of Equation 10. A(T) and f(5) are normalized
functions defined between 0 and 1 that account for possible limitations induced by temperature and soil moisture,
respectively, to the H, biotic consumption. Regarding the influence of temperature, several experimental and field
data (collected in Ehhalt & Rohrer, 2011, and shown by gray symbols in Figure 2a) have shown that the biological
activity is enhanced by warmer temperatures up to a maximum for 7 between 30°C and 40°C. The function h(7T)
is defined through the fit (solid line in Figure 2a) suggested by Ehhalt and Rohrer (2011).

The function f(5) defines the response of the biotic H, consumption to soil moisture, and includes both the de-
pendence of bacteria metabolism to water availability and the decay of the air volume fraction at increasing mois-
ture values (see also Section S4 in Supporting Information S1). Laboratory experiments (Conrad & Seiler, 1981;
Smith-Downey et al., 2006) have shown that the biological activity is inhibited in very dry soil when bacteria
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Figure 2. Modeling the H, biological sink. (a) Influence of temperature on the bacteria metabolism (adapted from Ehhalt and
Rohrer (2011)). (b) Examples of soil water retention curves for sand and loam soils. The curves are used to derive values of
the soil water levels for the thresholds 5., and 5o from ¥, _and ‘Pxop‘, respectively. (c) Normalized beta functions (11) for two
types of soils. The dotted colored lines are the normalized polynomial fits suggested by Ehhalt and Rohrer (2011).

reversibly enter a metabolically less active state termed dormancy (Leung et al., 2020), and that there is an op-
timum moisture condition (3,p) that maximizes the bacteria metabolic rate. At high values of soil moisture, the
biological activity may be reduced by other limiting processes (e.g., anoxia). Unfortunately, while these relations
between biological activity and soil moisture have been qualitatively observed for several soil types, a quantitative
characterization is currently very limited (Ehhalt & Rohrer, 2011). To provide a flexible parametrization adapt-
able to all soil types, here we model f(5) using a family of modified beta distributions,

L

N(E - Ews)ﬂl(gw - §)ﬁz, (11)

fG) =
where 3y and 3, are the soil-dependent lower and upper moisture threshold for bacterial activity, respectively;
and N is a normalization constant such that max(f) = 1. Recent research has shown that low H,-consumption
occurs also in hyper-dry conditions as bacteria harvest trace gas to meet energy demands during starvation (Jor-
daan et al., 2020; Leung et al., 2020). However, this consumption is three orders of magnitude lower than that
occurring during hydration (Jordaan et al., 2020) and can thus be neglected for our purposes (f = 0 for 5§ < 5, and
5§ > 5up)- Regarding the beta parameters , and f,, the former is chosen as 3, = 0.4 based on a comparison with
previous experimental fits (Ehhalt & Rohrer, 2011), while the latter is chosen to impose that the maximum of the
beta distribution is at § = 3oy, thatis, S = fi(1 — Sopt)/(Sopt — Sws)-

To define the soil-dependent values of Sys, Sup, Sopi, We relate the bacterial activity to the soil water potential,
which is the best criterion to measure soil water availability to plants and microbial communities (e.g., Brady
et al., 2008; King, 2017; Manzoni et al., 2012). The soil matric potential in fact defines the energy state of soil
water (relative to the reference potential of zero) in virtue of capillary and adsorptive forces that attract the water
to the soil matrix. In analogy to plant stress models (e.g., Porporato et al., 2001), we introduce soil matric poten-
tial levels at which bacterial activity is favored (‘PSOP[) or inhibited because of water stress (¥;, ) or anoxia (‘I’x“p),
respectively. In turn, the soil matric potential is related to relative soil moisture by the so-called retention curve
(Campbell, 1974; Clapp & Hornberger, 1978),

¥ =950, (12)

where ¥ and b are experimentally determined parameters that depend on soil type (see Table Al in Appendix A).
The soil-water retention curves for sand and loam are reported in Figure 2b. For the values of ¥, , Vs, Vs, we
refer to the laboratory results of Smith-Downey et al. (2006); Conrad and Seiler (1981); see Appendix A. We fix
Sup = 1, that is, no inhibition of bacteria metabolism for anoxia up to saturation. Figure 2c shows the beta distribu-
tions (solid lines) for two different types of soil. The normalized polynomial fits (dotted lines) suggested by (Eh-

halt & Rohrer, 2011) for the same soils are also reported, showing lower values for the water-stress threshold 5.

Regarding the production of H, by nitrogen-fixing bacteria, in most cases the hydrogen thus formed is rapidly
consumed either by other bacteria or directly within the cell of the same nitrogen-fixing bacteria that have also
developed hydrogenase enzymes to recycle the H, (Khdhiri et al., 2017; La Favre & Focht, 1983; Robson &
Postgate, 1980). For this reason, we assume P = 0 in our simulations. We leave the term P in the theoretical
considerations so that, if needed, a production model can readily be implemented.
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t (days)

Figure 3. Example of time series for a loamy sand for the depth-averaged soil moisture 5 (dashed blue lines) and the hydrogen related quantities (solid red and dashed
black lines): (a) depth-averaged concentration ¢ in the soil air; and (b) diffusive flux F (black dashed line) and biological consumption Z BD (solid red line). The dashed
black line in panel (a) comes from the analytical relationships (13). Parameters of the simulation: Z=30cm,§=1cm,#=1cm, a = 1.5 cm, 1 = 0.2 days~!, T = 20°C,

and ¢, = 530 ppbv.

3. Results
3.1. Soil-Moisture Modulation of H, Dynamics

To focus on the influence of soil-moisture fluctuations on hydrogen dynamics, we here fix the other environ-
mental variables (e.g., the temperature T and the depth of the diffusive barrier §). Figure 3 shows an example of
a time-series from system (3) to (4) for typical growing season and a loamy sand in a temperate climate. For the
depth-averaged moisture dynamics of Equation 3, we follow the stochastic approach of (Laio et al., 2001; Yin
et al., 2019), where the rain R(¢) is in the form of pulses of random depth occurring as a Poisson process with
frequency A (day~!) and events carrying a random depth of rainfall with exponential distribution of mean a (cm)
(Rodriguez-Iturbe et al., 1999).

The crucial influence of soil moisture on the H,-related quantities is evident in Figure 3, where we have reported
the depth-averaged concentration ¢ (first row) and the diffusive flux F and the biological decay Z BD (second
row). In this example, the soil is sufficiently moist to enable bacterial activity. An increase in soil moisture corre-
sponds to a decrease in the H, flux F, as a result of the limited diffusivity of hydrogen into the soil.

An important feature shown by Figure 3b is that the diffusive flux F (dashed black line) is in equilibrium with the
biological decay Z BD (solid red line), that is, F = Z BD, since the H, that enters the soil is rapidly consumed by
bacteria. From a modeling point of view, this implies that the time derivative in Equation 4 can be neglected, as
the hydrogen dynamics is tightly coupled to soil moisture dynamics (Ehhalt & Rohrer, 2013; Yashiro et al., 2011).
From F = Z BD and using Equations 5 and 9 for the diffusive flux and the biological decay, respectively, one
obtains an analytical relationship for the depth-averaged concentration of hydrogen in the soil-air,

Ca

c(t) = —,
() 1+UBD/gT

13)
where v, = Zk® is a velocity that indicates the potential of the biological sink along the depth Z. ¢ from Equa-
tion 13, plotted in Figure 3a (dashed black line), perfectly superimpose on the numerical results obtained without
the quasi-steady approximation for the hydrogen dynamics.

3.2. Deposition Velocity: Sensitivity Analysis and Validation

The key quantity for the assessment of the H, soil sink is the deposition velocity v, defined as v, = F/c, (e.g.,
Ehhalt & Rohrer, 2009). An analytical relationship for v, can be obtained substituting the equilibrium relationship
(13) for ¢ into the diffusive flux (5), obtaining:

81 UBD

vy(t) = =——.
&r + Usp

(14)
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Figure 4. Sensitivity of the deposition velocity v, from Equation 14 to temperature 7 and soil moisture 5 for three different soils (6 = 0 cm, £ = 1 cm, and Z = 15 cm).

A comparison between this novel analytical relationship and the notable model by Ehhalt and Rohrer (2013) is
reported in Appendix B. The analytical expressions for ¢ and v, that account for the production term P are report-
ed in Appendix C.

The deposition velocity v, is shown as a function of soil moisture and temperature for different soil types in
Figure 4. For soil moisture values below the soil-dependent water-stress threshold (3 < 5ys), there is no soil H,
uptake (v, = 0). For soil moisture values that are slightly above 3y, the active biotic metabolism and the favorable
conditions of H, diffusion through the soil determine a maximum for the deposition velocity. As soil moisture
increases, the deposition velocity decays due to the limited H, diffusivity through the soil. Warm temperatures
(T > 25°C) enhance the bacterial metabolic rate and define maximum conditions of H, uptake.

To validate the relationship (14), we use measurements collected continuously over a year, from December 2010
through February 2012, at the Harvard Forest (Meredith, 2016). This is a temperate mixed deciduous forest,
characterized by a sandy loam glacial till with relatively high levels of total carbon and nitrogen and high-affinity
hydrogenase (Meredith et al., 2017). The data set is one of the most extensive soil-atmosphere flux measurements
of hydrogen to date and notably includes the temporal variations of the hydro-climatic forcing (temperature, rain,
snow cover depth and porosity) that are necessary for a field-theory comparison. These besides snow porosity
are shown in Figure Sa.

T T T T T (a)
—— T s0il(°C) T air (°C) s snOW(cm) -Rain(cm)‘ -

T N - M. 0T T T b
. ' " e
.\‘ . |~",,.' FEE TR PO R Y TOR S AL ok L S
Y

0.08[
0.06]-
004}
0.021 %

Dec 1 Jan 19

...... dry |
measured V7 — meéan
ems) - ewet |

PRl L S T PR N PN PO LA s W/

Mar 10 Apr 29 Jun 18 Aug 7 Sep 26 Nov 15 Jan 04 Feb 23

FAr o a )

Figure 5. Hydroclimatic forcings and H, uptake at the Harvard Forest from December 2010 through February 2012. Measured data are from Meredith (2016) and
Meredith et al. (2017). (a) Measured rain, snow cover, and soil and air temperatures. (b) Values of soil moisture measured at two locations in the Harvard forest (34,
for the well-drained location and 5. for the poorly drained location). §yean Shows the mean values between the two locations. (c) Modeled deposition velocity v,

(Z=15cm).
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Figure 6. Example of intermittent H, uptake driven by soil moisture fluctuations around the water-stress threshold for bacteria metabolism. (a) World aridity map
(FAO, 2009). (b) H, uptake versus the depth-averaged soil moisture 5 for the sand of the Mojave desert. Symbols are from Smith-Downey et al. (2006). (c) Time-series
of the hydro-climatic forcings measured at the Mojave desert in the summer of 2015 (data from Larson et al. (2008) and PBO (2020)). The dotted blue line indicates the
water-stress threshold 5. The dashed black line indicates the time-averaged soil moisture (5). (d) Intermittent deposition velocity v, (cm/s) (Z = 10 cm).

Regarding the soil moisture values, measurements averaged on the first 15 cm of soil were taken from two loca-
tions nearby the H, fluxes measurements. One location was well drained (3—dry in Figure 5b) and the other one
was poorly drained (5—wet). To span the range of possible moisture values in the location of measurement of the
hydrogen flux, we evaluate v, including the soil moisture values from both locations as well as averaged values
of soil moisture (5—mean).

Results for v, from Equation 14 are compared with field measurements in Figure Sc. The modeled range of depo-
sition velocities captures well the measured temporal trend. Diffusive limitations such as the soil water saturation
and the snow cover strongly affect the hydrogen uptake rates. For example, the model reproduces accurately the
inhibition of H, uptake caused the thick snow cover during the winter 2010-2011. The higher uptake rate during
the summer period, with lower level of soil moisture and higher temperatures, is also well predicted. The figure
also shows the strong sensitivity of the deposition velocity to the local conditions of soil moisture. From the two
measurements of 5 (5-wet and 5-dry), the calculated deposition velocities show a remarkable difference (besides
during the winter 2011 when the thick snow cover inhibits the H, uptake regardless of the underlying moisture
value). This underlines that local soil conditions may generally cause marked spatial patterns of hydrogen uptake
even within the same ecosystem, especially in the presence of complex topography (e.g., ridges and valleys). This
should be carefully considered when deriving a deposition velocity from field measurements at a point or when
space-averages of soil moisture are used for global assessments of hydrogen uptake.

3.3. The Intermittency of H, Soil Uptake

To uptake H,, the soil has to be sufficiently moist to enable the metabolism of the H,-oxidizing bacteria (Conrad
& Seiler, 1981; Smith-Downey et al., 2006). As bacteria remain active down to low moisture levels, the biotic in-
hibition due to water-stress only occurs in dry soils (Figure 6a). Here, bacteria can face prolonged and severe wa-
ter stress, which curtails cellular and metabolic activities, until transient water availability—caused for instance
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Figure 7. Probability density functions of soil moisture 5 (first column) and deposition velocity v, (second column) for
different types of soil and mean rainfall rate. Solid lines are for a sandy soil and dashed lines for a loamy soil. (v, and
va4((3)) are reported for the sand case. Top, center, and bottom graphs have a mean rainfall rate 4 of 0.1, 0.2, and 0.5 days~!,
respectively. Common parameters to all graphs are: Z=30cm, 7 =1cm,§=0cm, @ = 1.5 cm, and 7 = 20°C.

by dew condensation or an occasional rain event—allow them to generate biomass and accumulate reserve com-
pounds (Leung et al., 2020). Hence, even small fluctuations of soil moisture around the water-stress threshold
(5ws) may amplify the H, uptake from 0% to 100% of its potential, that is, from the water-stress inhibition to the
active bacteria metabolism in condition of fastest H, diffusion through the soil.

The striking consequences of this effect can be appreciated in the following example. In Figure 6b, the modelled
H, uptake as a function of soil moisture is reported together with the experimental results by Smith-Downey
et al. (2006) for the Mojave-desert sand. Using the time-series of measured hydro-climatic variables in the sum-
mer 2015 (Figure 6¢), the modeled deposition velocity v (#) (Figure 6d) exhibits an intermittent trend in the
months of August and September as a result of the moisture fluctuations around the water-stress threshold 5. As
a consequence, a strong difference between the true averaged deposition velocity, (v ), and the deposition velocity
obtained through the averaged soil moisture value, v4((5)), is observed, with an error around 35%. As dry regions
represent about 1/3 of global land (Figure 6a), this intermittent feature of H, uptake highlights a delicate aspect
for estimating the magnitude and spatial distribution of H, removal using global models (as further discussed in
Section 4.1).

3.4. Probabilistic Dynamics

Because on long timescales rainfall acts as a random forcing of the moisture and hydrogen dynamics, it is useful
to investigate the solution to the system (3)—(4) in terms of probability density function (pdf) of moisture and
hydrogen uptake. This analysis helps address stochastic conditions of hydrogen uptake as a function of the fre-
quency and intensity of the rainfall regime. From the soil moisture pdf, obtained following (Laio et al., 2001; Yin
etal., 2019), the pdf of the deposition velocity v, is obtained as a derived distribution (Benjamin & Cornell, 2014)
using Equation 14. Figure 7 shows some examples of pdf's of soil moisture (first column) and deposition velocity
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Figure 8. Effect of the rainfall regime and the temporal resolution of soil moisture data on the estimate of the soil H, uptake. (a) Average deposition velocity (v )—
from continuous, daily averaged, monthly averaged soil moisture values—as a function of the rainfall frequency (constant average depth of the rainfall event @ = 1 cm).
(b) Relative error on the deposition velocity due to the temporal resolution of the soil moisture data (sand soil, Z= 15 cm, = 0, and T = 20°C).

(second column) for two types of soil (sand and loam) for different rainfall frequencies. The moisture pdf's are
shifted toward lower values for the soil with the coarser texture (sand). The shape of the moisture pdf's undergoes
marked changes with the rainfall frequency, with the sharpest pdf's corresponding to dry soils.

In dry climates (upper panels), the pdf's of v, show a strong bimodality (in particular for the sand example),
where the two modes correspond to no deposition and maximum deposition, respectively. The bimodality arises
from the fluctuations of soil moisture around the water-stress threshold, which control the switch from a maxi-
mum uptake of H, to no uptake on daily timescales (see previous section). Addressing this temporal dynamics is
necessary to correctly quantify the H, soil uptake as the sole knowledge of the time-averaged soil moisture (5) is
insufficient—see the difference between v4((5)) and (v ).

In wetter climates, as soil moisture is maintained above the water stress threshold for hydrogen consumption, the
pdf's of v, tend to lose the bimodality and become flatter. In such conditions, soil texture plays an important role
as it influences, in addition to the soil moisture dynamic, the diffusion of H, through the soil. Coarser soils favor
hydrogen uptake through an increased diffusivity. As soil moisture approaches saturation, hydrogen uptake is
inhibited by the limited diffusion (see the dashed lines in the lower row of panels). This latter condition might be
representative, for example, of wetlands. Because in wetter climates soil moisture fluctuates in the quasi-linear
decreasing branch of v,(5), the time-average soil moisture (5) is sufficient to characterize the average conditions
of soil H, uptake (v4((5)) ~ (va)).

4. Discussion

In this section, we discuss the global implications that the soil dry-wet sequences (Section 4.1), the abiotic-biotic
limitations (Section 4.2), and the changing climate (Section 4.3) have on the soil H, sink.

4.1. Control of Dry-Wet Sequences in Semi-Arid Regions

Because the H, uptake is nonlinearly driven by the soil moisture dynamics, the temporal resolution of the soil
moisture data is a key aspect for a correct evaluation of the soil H, sink (Sections 3.3-3.4).

As an example, Figure 8 shows the time-averaged deposition velocity (v,) for a sand soil as a function of the
temporal resolution of soil moisture data and the intensity of the rainfall regime. The latter is represented in terms
of changes in rainfall frequency 4 (log-scale), while the mean rainfall depth «a is kept constant. The deposition ve-
locity obtained from daily averaged soil moisture data, (v )-daily, well reproduces the average deposition velocity
obtained from a continuous series of soil moisture through Equation 3, (v )-continuous, while the deposition
velocity obtained from monthly averaged soil moisture data, (v, )-monthly, is biased toward higher values (Fig-
ure 8a). The relative error on (v ) increases monotonically with the temporal resolution of the moisture data and
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Figure 9. Effect of seasonality and the temporal resolution of the hydroclimatic data on the global distribution of soil H, uptake (Z = 10 ¢cm). (a and b) Average
deposition velocity (v,) from daily averaged Global Land Data Assimilation System data of 2019. (c and d) Differences in (v ) caused by monthly averaged data.

shows a maximum for semi-arid climates (Figure 8b), wherein the temporal fluctuations of soil moisture around
the water-stress threshold may define the intermittent dynamics of the soil H, uptake (see Section 3.3).

Using daily hydroclimatic and soil data with spatial resolution of 15 arc min—nearly 28 X 28 km at the equator—
from the Global Land Data Assimilation System (Rodell et al., 2004), we evaluated the global distribution of the
average deposition velocity (v,) during the summer and winter months of 2019 (Figures 9a and 9b). The regions
that maximize the H, uptake are those sufficiently moist to enable the bacteria activity, but sufficiently dry to
favor gas diffusion through the soils, that is, dry sub-humid and semi-dry regions (see also the World aridity map
in Figure 6a). Conversely, very dry (e.g., Sahara desert) or wet (e.g., tropical forests) regions are characterized by
no uptake and low uptake, respectively, although the limiting processes are different (as further discussed in the
next section). These global trends well reproduce the recent results in Paulot et al. (2021), but did not require ad
hoc corrections to the soil moisture data nor the introduction of a carbon-based function to mask the H, uptake
in arid regions.

The difference in the global distribution of (v ) caused by monthly averaged data is shown in Figures 9c and 9d.
The greatest differences are obtained in the regions where the H, uptake is likely favored (semi-dry regions), as
here the H, uptake is very sensitive to soil moisture and its temporal fluctuations around the water-stress threshold
for bacteria metabolism.

We stress that similar issues, that is, large errors in the estimate of the H, uptake due to averaged moisture data,
may also occur when using space-averaged soil moisture data in regions characterized by a complex topography
and strong spatial patterns of soil moisture and, consequently, H, uptake. Accounting for spatial heterogeneity
at the sub-grid scale could help address this problem in global climate models (e.g., Chaney et al., 2018; Paulot
etal., 2018).

4.2. Biotic and Abiotic Limitations of H, Uptake

The relationships (13) and (14) for the depth-averaged H, concentration ¢ and the deposition velocity v, allow us
to neatly assess the relative extent of biotic and abiotic limitations in the soil H, uptake. Two terms are involved:
the total conductance, g, (cm/s), which is a function of hydrogen diffusivity through the soil and possible diffu-
sive barriers, and v, , (cm/s), which is the potential hydrogen consumption by bacteria along the soil depth Z. To
understand which process may be limiting the H, uptake, it is useful to note that 2v, corresponds to the harmonic
mean between biological (v,
one can easily draw the distinction,

) and diffusive (g,) velocities; hence, by comparing the magnitude of the two terms,
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Figure 10. Deposition velocity v, as a balance between diffusive (g,) and biological (v,,)) processes (sand soil, Z = 10 cm). (a) 7= 20°C and 6 = 0. (b) T = 0°C and
6=0.(c) T=0°C and 6 = 10 cm. Note the different scales on the y axes.

gr if vgp > gr (diffusion limited),
Ud ~ (15)

UBD if g&r > Upp (biOtiC limited).

Equivalently, Equation 13 states that ¢ < ¢, in diffusive limited condition and ¢ ~ ¢, in biologically limited
conditions.

Figure 10 shows a graphical comparison between g, and v, as a function of soil moisture for a sandy soil in
temperate and cold climates. No diffusive barrier is included besides for the snow case (panel c). For low values
of soil moisture (3 < 5ys), the lack of water inhibits the bacterial metabolism and hence the H, soil uptake is
biologically limited (v, = v,,, = 0). Globally (Figure 11), biotic limitations due to water-stress characterize arid
and hyperarid regions (e.g., Sahara desert) and the dry season of zones with tropical savanna climate (e.g., Brazil
Cerrado).

For higher values of soil moisture (5§ > 3ys), diffusion generally limits the H, uptake in temperate climate (Fig-
ure 10a), that is, the biotic consumption is limited by the little amount of substrate available. This is consistent
with previous field observations (e.g., Schmitt et al., 2009; Smith-Downey et al., 2008) that measured a complete
H, decay within the first centimeters (e.g., 1-5) of soil in favorable metabolic conditions. The diffusive limita-
tion would be even more evident in the presence of a diffusive barrier (g, decreases with 6), with a different soil
type (sand favors gas diffusion), with a warmer climate (the temperature 7' mainly boosts the potential biological
consumption v, ) and with a higher Z (the depth of soil wherein H,-oxidizing bacteria are present). Regarding
the latter, we have in fact used a conservative hypothesis that H,-oxidizing bacteria are found just within the
first 10 cm of soil, while recent microbial analyses (Bay et al., 2021) have revealed their presence along the first
30 cm of soil in several ecosystems worldwide, that is, v, could be much higher. For these reasons, we find that
globally diffusion limits the H, uptake in all temperate and tropical humid regions, as well as zones with tropical
savanna climate during the wet season (Figure 11). It is worth noticing that, when v, ~ g,, the uncertainties in the
parametrization of the biological metabolism might be conveniently avoided.

In cold humid climates, as the bacteria metabolism is hindered by low temperatures, v, and g, are comparable
and both biotic and abiotic factors concur in determining a low deposition velocity (Figure 10b). However, in the
presence of a snow cover, the H, soil uptake newly becomes a diffusion-limited process (Figure 10c). Overall,
these results indicate that H, soil uptake is a diffusive-limited process, besides in very dry or cold soils. Note that
this conclusion is basically independent of the functional form for the biological decay (see Section S5 and Figure
S2 in Supporting Information S1).

As the soil approaches saturation, the H, uptake is inhibited (Figure 10). Understanding whether this is mainly
due to reduced diffusivity or the reduced biological metabolism partially remains an open challenge. From a
modeling perspective, this would require defining which term (g, or v,,)) decays to zero more rapidly as the soil

approaches saturation. Because of our parametrization of v, , which depending on the type of soil might have

BD?
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Figure 11. Global distribution of the relative frequency of diffusive and biotic limitations to soil H, uptake for the nominal year 2019 (Z = 10 cm). Diffusive (biotic)
limited when vy, > 6 g, (g, > 6 v,,) and 0.85 <v /g, < 1.15 (0.85 < v fvy, < 1.15).

a weak or strong decay at increasing 5 (see Figure 2c¢), we find soil-dependent limitations (e.g., biological for a
sand and diffusive for a loam). A linear parametrization for v, (see Section S5 and Figure S2 in Supporting In-
formation S1) provide diffusive limitations for all soils. Experiments in conditions close to water saturation could

probably address this question as, if diffusion is limiting, ¢ < ¢,, while, if biotic metabolism is limiting, ¢ ~ ¢,.

4.3. Perspective

Distinguishing between diffusive and biological limitations is an important step forward in the understanding of
the processes controlling the H, uptake and its relations to the hydroclimatic forcings. For this reason, it is useful
to discuss future implications that an increased use of hydrogen for energy production may have on the global soil
H, uptake within the context of a changing climate.

The globally widespread diffusive limitation (Figure 11) suggests that there is a higher potential of H, uptake by
bacteria. This is in agreement with the saturation mixing ratio for microbial H, consumption being much higher
than current atmospheric levels (Greening et al., 2015; Schmitt et al., 2009). An important modeling consequence
is that the first order closure for the H, uptake (F' = v c,) would still be valid for a higher H, tropospheric concen-
tration ¢, caused, for example, by the transition toward a hydrogen-based economy.

BERTAGNI ET AL.

13 of 19

d ‘¢l 'T20C 'vZe6veT

J wouy

sqr

8518017 SUOWILLOD BAIERID) 3|qedlidde auy Aq peusenob ke sspiie YO ‘8sn Jo seini 10} ArIgIT8UIIUO A8]IA UO (SUORIPUCD-PUB-SWR)W0D A8 1M ARIq 1[eul[U0//Sd1Y) SUORIPUOD Pue SWiB | 3y} 88S *[7202/60/70] Uo ARiqiTauljuo A8|iM ‘outio] 14 Hiod BA [a!lg SIS ouno | 1q 001udsli|od Aq 2869008DT202/620T OT/I0p/W00 A3 |Im Arig iUl



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2021GB006987

1 b
! cmlyear (b)
— 365
— 180 — 08
:; 3.6 ~<
> &
() > S
> g =
£ = 002>
= ©
% 04 H )= 0.4
5 o 0
0.2 0.2
05 1 15 2 25 05 1 15 2 25

average rainfall depth o (cm)

average rainfall depth a (cm)

Figure 12. Contour plots of the average soil moisture (5) (a) and deposition velocity v, (b) as a function of the average rainfall depth a and frequency 4 (loamy sand,
Z =15 cm). Solid colored lines define curves with constant accumulated rainfall.

The diffusive and biotic limitations that define the deposition velocity v, may be affected by variations in the
hydroclimatic forcings due to climate change. The globally rising temperatures are slightly favoring both the
bacteria metabolism (see Figure 2a) and the H, diffusivity. However, because v, is not very sensitive to small
temperature variations (Figure 4), a limited increase in the global average of the deposition velocity can be ex-
pected (Paulot et al., 2021).

The response of v, to variations in the hydrological regime is more complicated to predict, because of the strong
underlying nonlinearities and the very diverse changes in rainfall patterns that are being observed at local and
regional scales (Feng et al., 2013; Fischer et al., 2014). The analysis is further complicated by the fact that the H,
uptake is a function of not only the total amount of rainfall, but also of how the rain events are distributed in time.
This is highlighted in Figure 12, where the average soil moisture (a) and deposition velocity (b) are evaluated as a
function of the average rainfall depth and frequency. In the assumption that, the total amount of rain varies little,
but is concentrated in fewer and more intense events (Fischer et al., 2014), a shift toward the right along the solid
lines in Figure 12 could be observed. As a result, the H, uptake could either increase or decrease, depending on
the local hydrological conditions and their climate-change alterations. For example, the lower rainfall frequency
could enhance the uptake in humid regions due to longer periods of favored H, diffusion, and instead reduce the
uptake in semi-dry regions due to longer periods of water-stress biotic limitation (Figure 12b). At the current
stage of research, it is unknown whether these local variations of H, uptake would compensate on a global level
so that no net-effect in the global uptake would be observed.

Finally, it is likely that the presence H,-oxidizing bacteria will remain widespread in the future due to their ad-
aptability to extreme environments (Ji et al., 2017). However, their spatial heterogeneity may change as a result
of climate and anthropogenic pressures.

5. Summary and Conclusion

This paper presents a unified model for the coupled water and hydrogen dynamics in soils, which explicitly ac-
counts for the effects of intermittent soil moisture fluctuations. The hydrogen dynamics consider the diffusive
flux between the atmosphere and the soil (Section 2.2) and the biological consumption within the first layers of
soil (Section 2.3). As a first main result, we verified from the temporal solutions of the coupled system (Figure 3)
that the H, dynamics rapidly adapts to the soil moisture conditions. This allowed us to obtain direct relationships
for the depth-averaged concentration of H, into the soil (¢) and the deposition velocity (v )—Equations 13 and 14,
respectively. The latter has been shown to reproduce well the time-series of H, uptake measured continuously
over a year in a temperate forest (Figure 5).
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Due to the strongly nonlinear relationship between deposition velocity v, and soil moisture § (Figure 4), when soil
moisture fluctuates around the threshold demarcating the water-stress condition for bacteria metabolism, the H,
uptake may exhibit large temporal variations and intermittency (Figure 6). In these cases, which are representa-
tive of semi-arid regions, addressing the fine-scale (e.g., daily) temporal dynamics of soil moisture is crucial to
correctly quantify the H, uptake (Figure 8).

The analytical relations (13)—(14) further enable the comparison of the relative extent of biotic and abiotic lim-
itations in the H, soil uptake as a function of the hydro-climatic variables (Section 4.2). The results (Figure 11)
show that H, soil uptake is generally a diffusion-limited process in humid temperate and tropical regions, while
biological limitations may occur in very dry soils, where the bacterial activity is inhibited by the lack of water,
and in cold environments, where the bacterial activity is slowed by the low temperatures. Even in cold regions
however, the presence of snow may reduce the diffusivity of H, from the atmosphere to the soils up to the point
that the hydrogen soil uptake is still a diffusion-limited process (Figure 10c). The overall importance of diffusive
limitations suggests that macroporosity may substantially contribute to the H, uptake by favoring H, diffusion
through the soil, an aspect that still needs to be investigated.

The present modeling framework would benefit from further experimental and field research that more pre-
cisely characterizes the water-stress threshold for H,-oxidizing bacteria (§;) in terms of water potential, and in
relation to the soil and ecosystem characteristics. This threshold in fact is crucial to both discriminate between
diffusive and biological limitations in the H, soil uptake and define the regions where bacteria transiently suffer
water-stress, and where it is thus necessary to consider the temporal fluctuations of soil moisture to correctly
evaluate the H, soil sink. Additional microbial field analyses could also be useful to depict the vertical distribu-
tion of H,-oxidizing bacteria in soils as well as the temporal dynamics of their metabolism in relation to water
availability in semi-arid and arid regions.

Appendix A: Linking Bacterial Metabolism and Soil Matric Potential

We characterize the function f(5) in Equation 11 in terms of soil matric potential (¥;,,, '¥s,,, and ¥ ) by re-
ferring to the laboratory results of Conrad and Seiler (1981) and Smith-Downey et al. (2006). For the inhibition
of bacterial activity due to water stress, the experiments with sand by Smith-Downey et al. (2006) highlighted

Sws?

that, over a broad range of temperatures, biological activity was absent at § ~ 0.11, which corresponds to ¥
~ —2.6 MPa through Equation 12 and the parameters reported in Table A1. Based on this, and in analogy with the
common values for the wilting point of plants in semiarid environments, that is, the condition at which plants stop
to transpire (Laio et al., 2001), we take W, ~ —3 MPa. Regarding the upper limit, as most of the experimental
results (Conrad & Seiler, 1981; Smith-Downey et al., 2006) show no biological inhibition until saturation, we fix
Sup = 1. For the optimum condition, averaging some experimental soil moisture optima (Conrad & Seiler, 1981;
Smith-Downey et al., 2006), we roughly obtain ¥;  ~ —0.3 MPa. In the following table, we report the corre-
sponding values of soil moisture for different soil types that are obtained from the water retention curves (12)
imposing ¥;,, = -3 and ¥, , = —0.3 MPa.

Table A1
Parameters Describing Various Soil Characteristics Used in the Model for Different Soil Textures

§(kPa) b n She Sopt

Sand -0.34 4.05 0.35 0.11 0.19
Loamy sand -0.17 4.38 0.42 0.11 0.18
Sandy loam —-0.71 4.9 0.43 0.18 0.29
Silt loam -5.6 5.3 0.47 0.31 0.47
Silt -5.6 5.3 0.47 0.31 0.47
Loam -1.4 5.4 0.45 0.24 0.37
Sandy clay loam —-0.85 7.12 0.4 0.32 0.44
Silty clay loam -14 7.75 0.46 0.37 0.50
Clay loam -3.5 8.52 0.47 0.45 0.59
Sandy clay -0.6 10.4 0.4 0.44 0.55
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Table A1
Continued

P(kPa) b* n° Sws Sopt

Sws

Silty clay -1.7 10.4 0.47 0.48 0.61
Clay -1.8 11.4 0.5 0.53 0.64

= —3and ¥; = —0.3 MPa,

Note. The values of Sys and Sop have been calculated supposing a soil water potential ¥
respectively.

Sws Sopt

2From Clapp and Hornberger (1978). PTypical values of soil porosity from Dingman (2015). °Same values as silt loam are
used.

Appendix B: Comparison With v, From Ehhalt and Rohrer (2013)

From a two-layer soil model first proposed by Yonemura, Yokozawa, et al. (2000) and Ehhalt and Rohrer (2013)
solved the soil H, concentration Equation 1 in the vertical direction and derived the following analytical expres-
sion for the deposition velocity,

8s \/D5®k
VD, Ok +g5

is half the harmonic mean between the conductance of the diffusive barrier (g;)

B1)

Ud Ehhalt =

The equation shows that v, g

and the velocity (1/ D, © k), which couples diffusion and biological consumption within the active layer of soil.
Hence, for example, in the presence of a diffusive barrier, gs < 1/ D; © k, the deposition velocity reduces to
VR gy

Figure B1 shows a graphical comparison between v, from the depth-averaged model—Equation 14—and the ver-
tically explicit model—Equation B1—rversus soil moisture 5 for three different soils. The models provide similar
results, besides a difference in the peak value of v, which is higher in the depth-averaged model (14). Overall, the
main difference between the two models is that, in the depth-averaged approach, diffusive and biotic processes
are mathematically separated. This facilitates the comparison between abiotic and biotic limitations in the soil
H, uptake (as discussed in Section 4.2), but requires the definition of the length-scales Z-related to the vertical
distribution of H, oxidizing bacteria and #—the diffusive layer length-scale.

loam sandy clay loam

0.06 +

0.04

v, (cm/s)

0.02 t

0.04 RN 0.04

v, (cm/s)
v, (cm/s)

0.02 N 0.02

Figure B1. Comparison of the deposition velocity v, from Equation B1 (Ehhalt & Rohrer, 2013) and Equation 14 (# = 1 cm, Z = 10 cm, and T = 30°C).
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Appendix C: Equilibrium Relationships With P

Retaining the production term P in Equation 4 under the quasi-steady approximation, one obtains:

_ catZP/gr
()= ————, Cl
() 1+UBD/gT ( )
and
UBp — ZP/C[,
Vg = ——. C2
¢ 1+UBD/gT €

The latter shows that the soil becomes a source of hydrogen it ZP > c v,
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