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Abstract

It remains unclear how warming will affect resource flows during soil organic matter
(SOM) decomposition, in part due to uncertainty in how exoenzymes produced by
microbes and roots will function. Rising temperatures can enhance the activity of
most exoenzymes, but soil pH can impose limitations on their catalytic efficiency.
The effects of temperature and pH on enzyme activity are often examined in en-
vironmental samples, but purified enzyme kinetics reveal fundamental attributes of
enzymes' intrinsic temperature responses and how relative release of decay-liberated
resources (their flow ratios) can change with environmental conditions. In this paper,
we illuminate the principle that fundamental, biochemical limitations on SOM release
of C, N, and P during decay, and differential exoenzymes’ responses to the environ-
ment, can exert biosphere-scale significance on the stoichiometry of bioavailable soil
resources. To that end, we combined previously published intrinsic temperature sensi-
tivities of two hydrolytic enzymes that release C and N during decay with a novel data
set characterizing the kinetics of a P-releasing enzyme (acid phosphatase) across an
ecologically relevant pH gradient. We use these data to estimate potential change in
the flow ratios derived from these three enzymes’ activities (C:N, C:P, and N:P) at the
global scale by the end of the century, based on temperature projections and soil pH
distribution. Our results highlight how the temperature sensitivity of these hydrolytic
enzymes and the influence of pH on that sensitivity can govern the relative availability
of bioavailable resources derived from these enzymes. The work illuminates the utility
of weaving well-defined kinetic constraints of microbes’ exoenzymes into models that
incorporate changing SOM inputs and composition, nutrient availability, and microbial
functioning into their efforts to project terrestrial ecosystem functioning in a chang-

ing climate.
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1 | INTRODUCTION

Understanding how varying temperature affects nutrient provi-
sion to biota is necessary for predicting ecosystem services under
climate change (Conant et al., 2011; Sardans et al., 2012). Because
diverse soil processes that influence ecosystem feedbacks to cli-
mate such as organic matter decomposition (Conant et al., 2011;
von Lutzow & Kogel-Knabner, 2009) and soil microbial respiration
(Bradford et al., 2008; Davidson & Janssens, 2006) can exhibit dif-
ferent temperature sensitivities in diverse environmental conditions,
projecting soil resource flows with climate change is challenging. Soil
exoenzyme activities are often used as a proxy of potential decay
rates to investigate the relative rates at which resources may be-
come available during decay, as they mediate the degradation and
subsequent availability of resources comprising soil organic matter
(SOM; Sinsabaugh, 2010; Wallenstein & Weitraub, 2008).

One challenge in predicting the responses of exoenzymes to
changing temperatures is that their temperature sensitivity is af-
fected by soil pH, which can change enzyme conformation and ad-
sorption to soil colloids, in addition to modifying the solubility of
substrates (Quiquampoix, 2000; Zimmerman & Ahn, 2010). As a
result, different enzymes can exhibit unique responses to tempera-
ture at different pH (Min et al., 2014), which can create shifting
stoichiometries of resources liberated upon decay (Lehmeier et al.,
2013; Min et al., 2014). This concept is important for projections of
decay-promoted resource availability, given lateral and vertical soil
pH variation (Hengl et al., 2017), and because soil pH can change not
only with climate (Slessarev et al., 2016) but also with agricultural in-
tensification (Malik et al., 2018) and restoration practices (Berthrong
et al., 2009) on timescales of years to decades. Moreover, changes
in the active sites of enzymes with soil pH affect substrate bind-
ing and can constrain the temperature sensitivity of their interac-
tions, a feature that may even lead to negative effects of warming
on enzyme activities (Barta et al., 2014; Steinweg, Jagadamma et al.,
2013). However, few studies address how varying soil pH can impact
soil exoenzyme activity (Min et al., 2014; Puissant et al., 2019), in
spite of our knowledge that the pH optima of hydrolytic exoenzymes
vary significantly (German et al., 2011; Min et al., 2014) and can be a
limiting factor for decomposition (Sinsabaugh, 2010).

The ratio of organically bound resources liberated by enzyme
activity during decay—the “flow ratio” (Billings & Ballantyne, 2013)—
can serve as a fundamental stoichiometric constraint for ecosystem
processes (Barta et al., 2014; Billings & Ballantyne, 2013; Lehmeier
et al., 2013). How a flow ratio may change with temperature and pH
can be assessed by estimating the change in exoenzyme responses
to these variables (Lehmeier et al., 2013; Min et al., 2014). Purified,
isolated enzyme responses are especially valuable because these
kinetics are free from the confounding effects of site-specific soil
and microbial properties. As such, they can represent fundamental
enzyme kinetics in a diversity of soil types and thus offer a means of
constraining microbial processes in Earth system models (ESMs) at-
tempting to project soil biogeochemical dynamics in a rapidly chang-
ing climate (Wieder et al., 2015). Moreover, flow ratios derived from

purified enzymes can provide a mechanistic glimpse into how the
phenomenon of changing stoichiometries of bioavailable resources
can occur as environmental conditions change. Developing such a
module can contribute to ongoing efforts to improve projections of
soil C through ESMs (Luo et al., 2016; Wieder et al., 2018) by ad-
dressing how the interactions between C, N, and P may constrain fu-
ture terrestrial productivity (Reed et al., 2015; Sokolov et al., 2008;
Sun et al., 2017; Thornton et al., 2007; Wang et al., 2010; Zaehle
et al,, 2010).

Here, we aimed to demonstrate the potential for key biochemi-
cal limitations during SOM decay to influence the rate at which re-
sources become available at large spatial scales. Using global maps
of soil pH at multiple depths (Hengl et al., 2017) and temperatures
projected through 2100 from the Coupled Model Intercomparison
Project Phase 6 (CMIPé; Eyring et al., 2016), we projected relative
changes in C, N, and P released by three soil exoenzymes during
substrate decay as pH and temperature varies. We obtained kinetic
data for C- and N-releasing enzymes from the literature (Min et al.,
2014). Using the kinetics defined by published and newly generated
data, we calculated C:N, C:P, and N:P flow ratios across a range of
pH, and transformed these flow ratios into spatially explicit, initial
estimates of relative changes with temperature of organically de-
rived C, N, and P resources released by these three hydrolytic en-
zymes at three soil depths at the global scale. These estimates are
independent of the influence of temperature and pH on microbial
community composition, plant nutrient demand, and edaphic prop-
erties other than pH and thus represent the biochemical potential
of these exoenzymes to generate bioavailable C, N, and P as only
temperature and pH vary. Diverse chemical and physical edaphic
attributes, microbial responses to environmental conditions, and
substrate availabilities over time conspire to limit the accuracy of
projections of the rates at which C, N, and P become bioavailable
in any soil. However, this work offers proof-of-concept that the rel-
ative temperature sensitivities of diverse decay reactions as envi-
ronmental conditions vary can sculpt stoichiometric constraints at
a biosphere scale and represents a first step towards constraining

those phenomena in ESMs.

2 | MATERIALS AND METHODS

2.1 | Global maps of projected change in the C:N,
C:P, and N:P flow ratios

To create spatially explicit estimates of flow ratios of C:N, C:P, and
N:P, we first projected activities of C- and N-releasing enzymes
reported by Min et al. (2014; p-glucosidase, BGase, and N-acetyl-
glucosaminidase, NAGase, respectively) and activities of acid phos-
phatase (APase) characterized de novo for this study (Appendix A in
Supporting Information) for different past and future climate sce-

narios by parameterizing the Arrhenius equation at multiple pH:

K=Axe(%) 1)
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where K describes the reaction rates, A is a pre-exponential factor, E,
is the activation energy, R is the universal gas constant, and T is the
temperature in degrees Kelvin (Arrhenius, 1889; Knorr et al., 2005).
The temperature sensitivity (i.e., the activation energy) of each en-
zyme is determined by fitting a linear regression using the Arrhenius-
transformed specific activity of the enzymes (In(specific activity) x R;
see Equation 1) as the response, pH as a categorical predictor, and
temperature (as 1/T) as a covariate. For each pH, the slopes corre-
spond to an estimate of E, and the intercepts are an estimate of the
pre-exponential factor A (Min et al., 2014).

We downloaded trends of mean annual temperature (MAT)
with spatial resolution of 2.5 min from the WorldClim database
(version 2.1 released in January 2020, https://www.worldclim.
org/; Fick & Hijmans, 2017). The historical MAT data are repre-
sented as an annual trend from 1970 to 2000 (Fick & Hijmans,
2017), and the future climate data are downscaled projections
of MATs from 2081 to 2100 by the CMIPé (Eyring et al., 2016)
for eight different global climate models and two emission sce-
narios driven by different socioeconomic assumptions (Table S1),
or “Shared Socioeconomic Pathways” (SSPs; SSP2-4.5, SSP5-8.5;
Gidden et al., 2019).

We obtained the global distribution of soil pH at 250 m from
the SoilGrids database (https://soilgrids.org/, February 2017; Hengl
et al., 2017) for three depths: 0, 30, and 100 cm. We focused on
regions where soil pH was between 4.5 and 7.5, the common pH
interval across which purified enzyme kinetics are reported here are
in Min et al. (2014).

Using ArcMap 10.7.1 (ESRI, 2019), we transformed all tem-
perature data sets from degree Celsius to kelvin using the Raster
Calculator tool, and we matched the soil pH data sets to their spa-
tial resolution of 2.5 min using the “Cell Size Projection Method”
setting as “Preserve Resolution” in the Raster Analysis geoprocess-
ing environment. Therefore, the data sets used to calculate the es-
timated enzyme activity globally have the same spatial resolution
of 2.5 min.

We created spline functions based on the specific activity data
set for the three enzymes of interest. This function allowed us to
predict E, and A for any pH value between 4.5 and 7.5, and thus for
us to create spatially explicit estimates of E, and A for each depth.
We combined these estimates of E, and A with the CMIP6-derived
temperature data sets and the gas constant R to project enzyme
activity (i.e., reaction rates) globally using the Arrhenius equation
(Equation 1) at 0, 30, and 100 cm deep. Both the spline function and
the global estimates of enzyme activity were calculated using the
“raster” package (Hijmans, 2020). The estimates of enzyme activity
for 2081 to 2100 is presented as the average of the results for the
eight models for each SSP scenario at each depth. These steps were
performed in R v. 4.0.3 (R Core Team, 2020).

These estimates of enzyme activity were used to display the
changes in the C:N, C:P, and N:P flow ratios (calculation details in
Section 2.2) at the three depths of interest. To understand the ef-
fect of temperature on the flow ratios, we computed their percent
relative change in 2081 to 2100 compared with 1970 to 2000 for the

ST i v

two SSP scenarios. The calculation for the flow ratios also used the
“raster” package (Hijmans, 2020) in R v. 4.0.3 (R Core Team, 2020).

2.2 | Calculation of the flow ratio of
liberated resources

Combining previously published purified kinetics data BGase and
NAGase (Min et al., 2014) with the newly-generated APase data set
(Appendix A in Supporting Information; Section 2.3) allowed us to
describe the relative release rates at which C and P, and N and P,
are cleaved from the MUB-labeled substrates via these enzymes’ ac-
tivities by calculating flow ratios of the liberated resources (Billings
& Ballantyne, 2013; Min et al., 2014). As the substrates used for
BGase, NAGase, and APase are proxies for cellulose, chitin (German
et al., 2012; Sinsabaugh et al., 2008), and phosphomonoesters
(Sinsabaugh et al., 2008), respectively, we converted the units of
fluorescence from the purified enzyme experiment into numbers
of C, N (Lehmeier et al., 2013), and P atoms released during each
enzyme-promoted decay reaction. The cleaving of these respec-
tive substrates is comparable with the release of one glucose, one
N-Acetylglucosamine, and one phosphate molecule. Thus, the C:P
flow ratio resulting from one decay transaction of each of these re-
actions would release siatoms of C for every one atom of P, and the
corresponding N:P flow ratio would release one N for every one P
atom. Flow ratios from the estimated enzyme activity for each tem-
perature (T) were calculated as:

dC _ Viaxgcase (T «

= 6 (2)
dpP vmaxAPase (T)

M - VmaxNAGase (T)
dp VmaxAPase (T)

Vv

maxNAGase’

and V

maxapase are estimates of the max-

where Vmangase’
imum rate of reaction obtained from the general linear model using
the Arrhenius-transformed specific enzyme activity (see Section 2.1).
The C:N flow ratio was calculated in a similar manner, as described in

Lehmeier et al. (2013) and Min et al. (2014).

2.3 | Calculation of the acid phosphatase specific
activity and temperature sensitivity (E,)

We calculated the specific activity of the APase enzyme (Appendix
A in Supporting Information) using a modified version of the ap-
proach described in DeForest (2009). Because the specific ac-
tivities were recorded when neither substrate nor enzyme was
limiting, we interpret the observed rates as intrinsic specific ac-
tivities. We note that relative to exoenzyme activities reported
using soil slurries (e.g., German et al., 2012), the experimental
conditions for the current study promote the interaction of en-
zyme and substrate because of the absence of soil particles whose
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adsorption capacity can limit enzyme catalysis (Conant et al.,
2011; Quiquampoix, 2000). Similarly, we interpret estimates of
temperature sensitivity as intrinsic temperature sensitivities of

the enzyme.

2.4 | Statistical analyses

We used a non-parametric approach—quantile regression—to esti-
mate conditional medians of the specific activity of APase at dif-
ferent pH and temperature. The non-parametric approach was
necessary because the data did not meet the assumptions of normal-
ity and homoscedasticity even after multiple transformations. The
models predicted APase activity as a function of pH, temperature,
and their interaction. We assessed their statistical significance using
a Wald test. Both approaches were performed using the “quantreg”
package (Koenker, 2021).

To compare temperature sensitivities across the three enzymes,
we generated likelihood ratios from the APase kinetics, comparing
the full model likelihood to the nested model likelihood. We deter-
mined the statistical significance of each pH on E_ of APase by test-
ing the pairwise differences between E, at different pH. We created
the matrices for each model separately before fitting a linear model
to calculate the log-likelihoods. We assessed these analyses in con-
junction with the analogs presented for BGase and NAGase in Min
et al. (2014; Appendix B in Supporting Information).

All statistical analyses were performed using R v. 4.0.3 (R Core
Team, 2020) and the results were considered significant when
p < .05.

3 | RESULTS

The C:P and N:P flow ratios contrasted with previously published
with C:N flow ratios (Min et al., 2014; Figure 1a). APase responses
to temperature and pH prompted consistent, warming-induced
increases in the estimated flow ratios of C:P (Figure 1b) and N:P
(Figure 1c) across pH, with the largest range expressed by the C:P
estimates. Greater differences between experimental tempera-
tures were observed at pH 6.5 for estimated C:P and N:P flow ra-
tios. These results were driven by the stronger effect of warming
on the specific activity of APase in more acidic conditions, at and
below pH 4.5 (Figure 2), in contrast to the increased responsive-
ness of BGase and NAGase to warming at and above pH 5.5 (Min
et al., 2014). Changes in flow ratios reflect differences in E, values
between enzymes (Table 1; Figure 3). Min et al. (2014) demonstrated
that the temperature sensitivity of BGase trends downward as pH
approaches near-neutral values, and NAGase exhibits somewhat
variable behavior across the same pH range. In contrast, APase
showed the lowest temperature sensitivity at pH 6.5, and the high-
est temperature sensitivities at the most extreme pH assayed. APase
displayed the greatest E, variation at pH 7.5, with a standard devia-
tion of 8.29 kJ mol™ (Figure 3).
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FIGURE 1 Estimated flow ratio of liberated resources from
enzyme activity. (a) Estimated C:N flow ratio from BGase and
NAGase activity. (b) Estimated C:P flow ratio from BGase and
APase activity. (c) Estimated N:P flow ratio from NAGase and APase
activity. Values for C and N release rates from enzyme activity are
derived from Min et al. (2014)

Global-scale projections of BGase, NAGase, and APase activ-
ity reflect the exoenzymes’ variabilities in E, across the pH range,
as estimated by the spline function (Figure 3). APase E, varied less
between pH 4.5 and 5.2, exhibiting standard variation of 2.1 and
2.2 kJ mol™ in that interval. Standard deviation was greater at pH
values above 6.9, reaching up to 8.3 kJ mol™ at pH 7.5. APase E,
across the pH range was consistently lower than the E, of the other
two enzymes, except at pH 7.5 in comparison with BGase (Table 1).
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FIGURE 2 Specific activity of APase at different temperatures
as a function of pH. Each point is the mean of six replicates; error
bars reflect one standard deviation from the mean

TABLE 1 Activation energy (E,, kJ mol™) values for BGase,
NAGase, and APase across a common pH interval

pH 4.5 pH5.5 pH 6.5 pH 7.5
BGase 65.18"2 37.2582 27.998¢2  16.91¢2
NAGase  28.91°° 39.40M? 36.7872 45230
APase 17.43R¢ 10.52/8¢P 2.278¢P  18.32AC2

Note: Upper case letters denote significant differences in E_ across

pH values for a given enzyme; lower case letters denote significant
differences in E, between two enzymes at a given pH (see Appendix B
in Supporting Information for a detailed explanation of the statistical
approach). BGase and NAGase data originally reported in Min et al.
(2014).

In contrast, BGase and NAGase data derived from Min et al. (2014)
exhibited the greatest variability of E, close to pH 4.5, exhibiting
standard deviations up to 8.1 and 5.6 kJ mol™?, respectively, though
NAGase E, also exhibited a large standard deviation of 5.4 kJ mol™?
at pH 6.7. Note that global scale projections employ spline-function
derived enzyme activities based on pH values that can differ from
the laboratory experiments, generating continuous functions of E,
as it varies with pH (Figure 3).

Projecting E, of the three enzymes as they vary across soil
pH at the global scale revealed depth-dependent, region-specific
changes in the three flow ratios with warming. Each flow ratio's
projected change reflects the E, of the enzymes comprising it.
The SSP2-4.5 scenario, in which globally averaged temperatures
are expected to increase by 3.3°C by 2100, results in maximum
projected increases in C:N, C:P, and N:P flow ratios of 6.3%,
75.4%, and 107.5% at the soil surface (Figures 4a, 5a and 6a).
These values almost double for the C:N, C:P, and N:P flow ra-
tios under SSP5-8.5, which predicts temperatures rising by
5.5°C, with maximum projected increases reaching up to 12.9%,

ST v
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70 - {F - NAGase
/- APase

E,, kJ mol™

4.5 55 6.5 7.5
pH

FIGURE 3 Variation in temperature sensitivity (expressed as E,)
for pH between 4.5 and 7.5 for APase, BGase, and NAGase. Points
and error bars represent the measured average and one standard
deviation of the temperature sensitivity for each enzyme. Lines
and shaded areas correspond to the estimated average and one
standard deviation of E, across the pH range, derived from a spline
function (see Section 2.1 for details). BGase and NAGase data
derived from Min et al. (2014)

155.1%, and 161.2%, respectively (Figures 4d, 5d, and 6d). In
contrast to the maximum projected increases, the predicted av-
erage global-scale change of all flow ratios is much smaller. The
C:N, C:P, and N:P flow ratios exhibit average projected changes
at the soil surface of -1.9%, 18.9%, and 19.9%, respectively, for
SSP2-4.5, and -3.1%, 35.7%, and 37.7% for SSP5-8.5 (Table
S2). Analogous, average projected changes at 1 m were approxi-
mately -3.5%, 17.1%, and 22.7% for SSP2-4.5 and -5.7%, 31.7%,
and 43.2% for SSP5-8.5 (Table S2). For C:P and N:P flow ratios,
up to 46% of the area analyzed globally at all depths is projected
to experience above average changes in these three flow ratios.
Note that the global area across which flow ratios are projected
is greater in surface soils and at 30 cm depth compared with 1 m
depth because a smaller area exhibits soil pH between 4.5 and
7.5 at 1 m; approximately 75.9%, 76.1%, and 70.3% of Earth's
land area falls within this pH range at 0, 30, and 100 cm (calcu-
lated from Hengl et al., 2017).

No region exhibited a decline in the N:P flow ratio, and 2% of
the land surface area experienced a decline in C:P flow ratio in both
SSP scenarios. In contrast, declines in C:N flow ratios were observed
across 63%-85% of the terrestrial landscape from O to 100 cm in
both SSP scenarios. Areas of increasing C:N flows decreased with
depth to 25.9% of the soil area at 30 cm (Figure 4b,e), and to 15.6%
of the soil area at 100 cm in both scenarios (Figure 4c,f). Relatively
greater increases in temperature at higher latitudes resulted in
greater flow ratio increases for C:P and N:P in these regions (Figures
5 and 6). Increases in NAGase E, above pH 5.5 (Figure 3) promoted
declining C:N flow ratios with warming across much of the globe.
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FIGURE 4 Relative change in C:N flow ratio from 1970-2000 to 2081-2100 for SSP2-4.5 at (a) O cm, (b) 30 cm, and (c) 100 cm of depth,
and for SSP5-8.5 at (d) 0 cm, (e) 30 cm, and (f) 100 cm of depth, reflecting the activities of f-glucosidase and N-acetyl-Glucosaminidase
(derived from Min et al., 2014). See text for explanation of flow ratio concept. Values in the color bar represent the minimum, the average
minus two standard deviations, the average, the average plus two standard deviations, and the maximum relative change in the C:N flow

ratio, respectively

4 | DISCUSSION

Understanding the intrinsic temperature response of exoenzymes
with varying pH allows us to investigate the potential change in the
relative rate of liberation of different organic resources as envi-
ronmental conditions change. Our work demonstrates that pH and
temperature exert a meaningful, interactive effect on the specific
activity of APase in ways different from those previously observed
for BGase and NAGase (Min et al., 2014), and that this feature is re-
flected in the degree of change in the C:P and N:P flow ratios across
soil pH and temperatures. We cannot use these results to predict the
bioavailability of C, N, and P resources that are derived from a tre-
mendous diversity of processes in any given soil; rather, they offer

proof-of-concept that the interaction between pH and temperature
sensitivities of SOM decay reactions can help shape soil provision of

needed resources to biota by modulating stoichiometric constraints.

41 | Flow ratios of resources liberated from
enzymatic activity

The differences in estimated flow ratios of C:N, C:P, and N:P with
varying pH and temperature (Figure 1) highlight the importance of
understanding temperature sensitivities of different exoenzymes
that release important resources for soil microbes and vegetation
as environmental conditions vary. Because phosphatase enzymes
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FIGURE 5 Relative change in C:P flow ratio from 1970-2000 to 2081-2100 for SSP2-4.5 at (a) O cm, (b) 30 cm, and (c) 100 cm of depth,
and for SSP5-8.5 at (d) 0 cm, (e) 30 cm, and (f) 100 cm of depth, reflecting the activities of f-glucosidase (derived from Min et al., 2014) and
acid phosphatase (this study). See text for explanation of flow ratio concept. Values in the color bar represent the minimum, the average
minus two standard deviations, the average, the average plus two standard deviations, and the maximum relative change in the C:P flow

ratio, respectively

are the main mechanism responsible for the mineralization of soil
organic P (Condron et al., 2005), a process especially important in
ecosystems as P availability from dissolution of primary minerals
wanes with soil age (Walker & Syers, 1976), their response to tem-
perature and pH relative to agents of C and N release such as BGase
and NAGase may be an important influence on the stoichiometry of
bioavailable resources. A disproportionate response of one exoen-
zyme to temperature at a given pH relative to another could trigger a
stoichiometric imbalance with warming (here, among C, N, and P re-
sources; Cleveland & Liptzin, 2007). Changes in the degree to which
resources become available in the soil may affect microbes’ nutrient
acquisition strategies (Billings & Ballantyne, 2013), prompt micro-
bial adaptation under different environmental conditions (Bradford,

2013) to reestablish homeostasis, or promote changes in the vegeta-
tion's response to nutrient limitation (Du et al., 2020; Farrior et al.,
2013; Hou et al., 2020). Considering the often-large role of microbial
biomass P in total soil organic P stocks, especially in highly weath-
ered soils where it can amount to almost 90% of that pool (Brookes
et al., 1984; Condron et al., 2005), microbial responses to chang-
ing resource availability could trigger changes in the proportion of
total soil P derived from microbial versus plant material. Our results
suggest that the degree to which P limitation may be enhanced or
mitigated as other nutrients become more or less available can vary
significantly with temperature and pH, with pH serving as a master
variable dictating the temperature responses of key features of SOM
decay.



DE SOUZA anp BILLINGS

Relative change in N:P flow ratio, %
| ——

3 9 31 53

161

FIGURE 6 Relative change in N:P flow ratio from 1970-2000 to 2081-2100 for SSP2-4.5 at (a) 0 cm, (b) 30 cm, and (c) 100 cm of depth,
and for SSP5-8.5 at (d) O cm, (e) 30 cm, and (f) 100 cm of depth, reflecting the activities of N-acetyl-Glucosaminidase (derived from Min

et al., 2014) and acid phosphatase (this study). See text for explanation of flow ratio concept. Values in the color bar represent the minimum,
the average minus two standard deviations, the average, the average plus two standard deviations, and the maximum relative change in the

N:P flow ratio, respectively

The increasing C:P and N:P flow ratios with warming exhibited
here (Figure 1b,c) are consistent with warming effects reported for
environmental samples (Dijkstra et al., 2012; Sardans et al., 2012;
Yue et al., 2017); our work demonstrates that pH can dictate the
magnitude of these effects. The work further indicates that these
effects are evident even when the soil medium and microbes
themselves are absent, demonstrating fundamental, biochemical
responses to environmental conditions. Variations in the C:P flow
ratio, for example, were minimal at pH 7.5 and greatest at pH 4.5
with rising temperatures (Figure S2). Consistently low APase activity
at pH 7.5 at all temperatures (Figure 2) relative to the higher BGase
activity at the same pH (Min et al., 2014) led to less variation in the
flow ratio with warming at that pH, whereas the opposite happened

at pH 4.5, where APase functions close to its known pH optimum.
The difference in the relative rates of enzyme activity for BGase and
APase also explains the range of the C:P flow ratio values across the
pH gradient, especially as they are much higher at pH values near
neutral. Similar patterns for the N:P flow ratio can be explained by
the same reasoning. Moreover, the pH values at which variation of
C:P and N:P flow ratios were at their lowest were also the pH values
at which temperature sensitivities were more comparable for the
enzymes (Table 1). Of course, these results cannot provide accurate
projections of the stoichiometry of all resources liberated into bio-
available forms throughout soil profiles in the future, nor can they
accurately depict bioavailable C, N, and P as decay proceeds. Instead,
this work highlights the power of temperature and pH as interactive



DE SOUZA anp BILLINGS

determinants of changing relative availabilities of biotic resources in
soil, and demonstrates the capacity of well-characterized enzyme
kinetics to serve as constraints on those projections.

To the best of our knowledge, APase dynamics have not been
explored across ecologically relevant pH and temperature gradients.
As aresult, we needed to characterize the APase kinetics to estimate
the change in flow ratios. We report similar pH optima for APase
activity as those reported in studies of environmental samples (Hui
et al., 2013), as well as one employing isolated mycelial mats of ecto-
mycorrhizal fungi (Antibus et al., 1986). We further report a positive
influence of temperature on APase activity within the range tested,
as might be expected given extensive documentation of increas-
ing temperature promoting activity of enzymes isolated in purified
buffer (Min et al., 2014) and environmental samples (German et al.,
2012; Koch et al., 2007; Min et al., 2019; Wallenstein et al., 2010),
including APase (Hui et al., 2013; Margalef et al., 2017). Both pH and
temperature can promote changes in enzyme conformation, modi-
fying accessibility of active sites and the stability of its own struc-
ture (Wallenstein et al., 2010), at least partially explaining why their
interaction was significant for APase. Indeed, adsorption of multi-
ple enzymes onto soil surfaces varies with pH and affects enzyme
catalytic activity (Rao et al., 2000) and can even increase the pH
optimum (Leprince & Quiquampoix, 1996). These changes in the cat-
alytic power of enzymes are related to the protein folding processes
that respond to pH through changes in the isoelectric point of the
enzyme (Leprince & Quiquampoix, 1996; Quiquampoix, 2000) and
to temperature through the thermal stability of the protein structure
(Bradford, 2013; Wallenstein et al., 2010). Nonetheless, it remains
unclear why individual pairs of enzymes and relevant substrates ex-
hibit unique responses to pH and temperature.

Our investigation of the influence of pH on the E, of APase al-
lows us to explore the interaction of pH and temperature on the ac-
tivity of this enzyme and to compare these effects to those reported
for BGase and NAGase. The temperature sensitivity estimates for
APase reported here are lower than those observed in environmen-
tal samples (Barta et al., 2014; Blagodatskaya et al., 2016; Hui et al.,
2013; Razavi et al., 2017). Because we characterized APase kinet-
ics in a purified setting, the discrepancies between the temperature
sensitivities reported here and those reported for environmental
samples likely reflect some combination of edaphic modification
of enzyme activity, and the response of microbes to temperature.
Such influences are absent from the data reported here, illuminat-
ing fundamental biochemical properties of APase. Specifically, our
results highlight how increasing temperatures promote higher P re-
lease rates during OM decay at relatively low pH, but to a lesser
degree at pH values closer to neutral (Figure 2). Furthermore, rela-
tively enhanced variation in APase temperature sensitivity at pH 6.5
and 7.5 (Figure 3) reduces our capacity to predict APase-promoted
P availability as temperature varies. Still, these differences in APase
temperature sensitivity most probably drive the changes in the N:P
flow ratio (Figure 1c), given that NAGase does not exhibit significant
variation in response to temperature across the pH range (Min et al.,
2014; Table 1). Conversely, the estimated C:P flow ratio (Figure 1b)

ST i v

results from the differential effects of increasing temperatures on
both BGase and APase activity (Table 1).

4.2 | Global-scale projections of C:N, C:P, and
N flow ratios

Spatially explicit representations of the biochemical limitations on
the release of C, N, and P by activities of BGase (C), NAGase (N and
C), and APase (P) with warming at different pH allow us to forecast
the potential importance of changes in these fluxes under different
climate scenarios relative to historical temperatures. This approach
assumes that the rate at which subsoils experience warming to be
similar to that of surface soils (Hicks Pries et al., 2017). The geo-
graphical patterns and depth trends for the relative change in the
flow ratios track the different response of the enzyme's temperature
sensitivity to the pH. As a result, global projections show a mostly
positive relationship of the C:P flow ratio with warming (Figure 5),
whereas the N:P flow ratio exhibits an exclusively positive change
globally with rising temperatures, regardless of soil pH (Figure 6).
Less than 3% of the area projected to exhibit the lowest relative
change in the C:P flow ratio with rising temperatures in both SSP
scenarios is associated with pH 7.5 (Figure 1b), where the temper-
ature sensitivity of BGase is similar to that of APase (Table 1). In
contrast, an overall neutral to negative relationship was observed
for the C:N flow ratio with warming globally (Figure 4). Projected
changes in the N:P and the C:N flow ratios reflect the overall higher
temperature sensitivity of NAGase across the studied pH gradient
(Figure 3). Because NAGase is more sensitive to warming than APase
across the acidic to neutral pH gradient, the relative change in pro-
jected N:P flow ratios are solely positive. Areas of strongly acidic
pH values (<5.5) exhibit positive changes in the C:N flow ratio with
rising temperatures, but the differences are most substantial at pH
7.5 (Figures 1a and 3). This feature explains why the expected aver-
age change in the C:N flow ratio is between 0% and -5% in both SSP
scenarios (Figure 4; Table S2) as soils with pH between 7.0 and 7.5
correspond to approximately 11% of the total soil area at all depths.
The total area with above-average changes for the three flow ratios
is similar across depths under the two SSPs. Thus, although all en-
zyme reactions in a given grid cell are examined under the same pro-
jected temperature increases, C:P, N:P, and C:N flow ratios exhibit
different temperature responses due to the strong effect of soil pH
on enzyme temperature sensitivities.

Regional differences in projected flow ratios reflected these
relative differences in exoenzyme activities. We observed greater
relative changes in C:N, C:P, and N:P flow ratios in the Arctic at all
depths relative to current climate conditions, although the estimated
change depended on the enzyme pair (Figures 4-6). This is consis-
tent with the greater degree of warming prescribed in higher lati-
tude regions in both SSP scenarios and the predominance of soil pH
values below 6 in those regions that favor the activity of all three
enzymes. Conversely, generally acidic, highly weathered tropical
soils did not exhibit as much change in flow ratios by the end of
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the century due to their relatively small increases in temperature.
Consistent with the possible future enhancement of P limitation in
the tropics and the Arctic that the C:P flow ratio hints at (Figure 5),
projections for both C:N and N:P flow ratios (Figures 4 and 6) sug-
gest that predominantly N-limited areas, especially in the northern
temperate zone, may experience relatively greater availability of
organically-derived N as temperatures rise. However, though in-
creased N availability can shift systems towards P limitation (Chen
et al., 2020; Li et al., 2016; Penuelas et al., 2013), greater availability
of N can also increase APase activity and P cycling rates (Marklein &
Houlton, 2012; Olander & Vitousek, 2000). It remains unclear how
these mechanisms will proceed in regions already experiencing N- or
P-limitation (Chen et al., 2020; Du et al., 2020; Farrior et al., 2013;
Hou et al., 2021).

We note that these model projections assume no change in
stoichiometry of SOM inputs, precipitation, or nutrient availability
derived from sources other than these exoenzymes activities. All
these features are likely to change in the future, with probable con-
sequences for the stoichiometry of bioavailable resources. Elevated
CO, (eCO,), for example, generally has a positive impact on plant
and soil C:P and C:N ratios (Luo et al., 2006; Sardans et al., 2012).
Although NAGase can respond positively to an increase in CO,
concentrations (Kelley et al., 2011), the effect on multiple other en-
zymes' activities appears negligible (Kelley et al., 2011; Xiao et al.,
2018). Additionally, changes in soil microbial communities with eCO,
can shift fungi:bacteria ratios (Castro et al., 2010) and in turn af-
fect enzyme production (Kelley et al., 2011) and their stoichiomet-
ric balance, possibly leading to altered rates of OM decomposition
at surface and in the subsurface. Soil moisture variability also can
affect microbial resource allocation and consequent enzyme pro-
duction (Manzoni et al., 2016; Steinweg, Dukes et al., 2013), further
affecting microbial composition as physiological stress can trigger
changes in nutrient demand (Schimel et al., 2007; Tiemann & Billings,
2011). Nutrient availability from sources other than SOM decay, and
from the activities of exoenzymes other than those examined here,
represents another feature of terrestrial ecosystems likely to modify
soil enzyme activities in the coming decades. Nitrogen deposition,
for example, can have a positive effect on APase activity (Marklein
& Houlton, 2012), and can also shift fungal communities and affect
plant acquisition of P, possibly constraining productivity in P-limited
systems (Treseder et al., 2018). Similarly, increased P inputs often
suppress APase activity (Marklein & Houlton, 2012; Olander &
Vitousek, 2000). Although the current work does not explicitly ad-
dress these factors, it provides a starting point for developing test-
able hypotheses probing how edaphic resources for biotic uptake

may change in a changing climate.

5 | CONCLUSIONS

Parsing out the intrinsic biochemical responses of soil exoenzymes
is a valuable tool for the modeling community. From such data, we
cannot hope to accurately project ecosystem nutrient limitation; a

diversity of enzymes provides liberated resources to biota in most
soils (German et al., 2011; Sinsabaugh et al., 2008), and nutrients
are also provided by mineral weathering (Vitousek et al., 2010;
Walker & Syers, 1976) and atmospheric inputs (Galloway et al.,
2008; Mahowald et al., 2008; Vitousek et al., 2010). Rather, intrinsic
exoenzyme kinetics provide the basis to constrain future ecosystem
nutrient limitation. All else equal, modified flow ratios as tempera-
ture and pH change could lead ecosystems to experience changes in
the identity of limiting nutrients. Results from this work examining
a small subset of the exoenzymes common in soils globally suggest
that warming could prompt bioavailability of resources derived from
those exoenzymes to shift from N- to P-limitation with warming due
to relatively small enhancements of P release from decaying organic
matter with warming. The spatially explicit global maps presented
here thus do not aim to provide a projection of in situ flow ratios.
Rather, they demonstrate proof-of-concept that the differential
effects of temperature and pH on globally-important mechanisms
driving the release of C and nutrients from SOM can result in shifting
stoichiometries of bioavailable resources for soil microbes and veg-
etation. Concerns of anthropogenic climate change motivate many
studies of the effects of temperature on soil processes; our work
highlights the importance of the interaction of temperature and soil
pH at diverse spatial scales for forecasting bioavailable resources in
a changing climate. This interaction can dictate differential rates at
which organically bound biotic resources are liberated, and thus the

responses of biota to climate change.
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