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ABSTRACT

Shifts in temperature and rainfall regimes with climate change can feed back on redox dynamics and associated
biogeochemical cycling in humid environments. This has global implications for greenhouse gas emissions and
ecosystem carbon (C) storage and loss. Though aerobic carbon dioxide (CO3) production is generally understood
to follow an Arrhenius-type temperature dependence, the temperature sensitivity of anaerobic metabolisms such
as iron (Fe) reduction and methane (CHy) fluxes, both processes affecting C cycling in soils, remains unclear in
upland soils. We used a fully factorial incubation experiment to examine the interactive effects of temperature (8,
26, and 35 °C) and redox (oxic and anoxic) conditions on COy production, CH, fluxes, Fe reduction, microbial
biomass C, and the microbial metabolic quotient (MMQ) in upland soils from two contrasting climate regimes
and redox environments: a tropical forest in Puerto Rico (PR) and a temperate peatland in California (CA). Under
oxic conditions, we found that CO5 production increased across both temperature gradients (8-26 °C and
26-35 °C). In contrast, under anoxic conditions, net CH, fluxes and Fe reduction exhibited a greater temperature
sensitivity between 26 and 35 °C than 8-26 °C in both PR and CA soils. We also observed coupling between Fe
reduction and net CHy fluxes in PR and CA soils consistent with competition for acetate. The anoxic MMQ
increased in PR soils at high temperature, but not in CA soils, suggesting that the native PR environment may
favor the development of more efficient microbial communities better able to tolerate warmer, wetter conditions.
Together, our results suggest that anaerobic microbial metabolisms may be much more sensitive to higher
temperature than aerobic ones, possibly due to proportionally greater anaerobic microbial activity at high
temperature. Our results suggest that increased global temperatures combined with higher rainfall regimes may
significantly increase anaerobic greenhouse gas production in humid environments.

1. Introduction

positive correlation (Fang and Moncrieff, 2001; Sierra, 2012). However,
less is known about temperature effects on anaerobic processes

Climate models project increases in extreme rainfall events in some
humid terrestrial environments as a result of rising atmospheric green-
house gas (GHG) emissions (Chadwick et al., 2016; Donat et al., 2016).
Many of these environments, such as tropical forests and peatlands, play
a significant role in global carbon (C) exchange and can function as C
sources or sinks, depending on climatic conditions (Kayranli et al., 2010;
Taylor et al., 2017). Higher precipitation with climate change can in-
crease the occurrence of anoxic or low redox environments (McNicol
and Silver 2014, Liptzin and Silver, 2009); in these regions, anaerobic
soil metabolisms are likely to become more common. Aerobic produc-
tion of carbon dioxide (CO3) in soil has been shown to increase expo-
nentially with rising temperature as predicted by the Arrhenius equation
(Lloyd and Taylor, 1994; Davidson et al., 2012), or exhibit an otherwise
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impacting the C cycle such as iron (Fe) reduction and methanogenesis,
particularly in upland soils of temperate and tropical ecosystems. Un-
derstanding the simultaneous temperature and redox sensitivity of these
processes is particularly important for predicting their response to
climate change.

Iron reduction can be an important driver of CO2 emissions and soil C
storage (Baldock and Skjemstad, 2000; Liptzin and Silver, 2009; Hall
and Silver, 2015). The production of Fe(II) can result in the solubiliza-
tion of minerally-bound soil organic C, increasing the likelihood of
respiration (Berhe et al., 2012; Buettner et al., 2014). Previous research
suggested that short term rates of soil CO production were similar
under oxic and anoxic conditions in Fe-rich humid tropical forest soils
(DeAngelis et al., 2010; Gross et al., 2018). This is surprising as
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microbial respiration has long been considered to decrease significantly
under anoxic conditions (Greenwood, 1961). The relatively high rate of
soil respiration in tropical forest soils may be driven in part by dissim-
ilatory microbial Fe reduction coupled to organic C oxidation (Canfield
et al.,, 1993; Stemmler and Berthelin, 2003). These soils are typically
characterized by fluctuating redox due to warm, perhumid conditions,
finely textured and organic-rich soils, and oxygen consumption that
exceeds diffusive resupply (Silver et al., 1999), and rates of Fe reduction
can be accelerated by these redox fluctuations in the tropics (Ginn et al.,
2017). A similar effect has been described in Fe-rich drained temperate
peatlands that also feature fluctuating redox conditions (Yang and
Liptzin, 2015; Lovley and Phillips, 1986).

Given the importance of Fe reduction in soil C dynamics, its coupled
temperature and redox sensitivity merits further research (Coward et al.,
2018). Under controlled laboratory conditions, Fe reduction increased
exponentially with temperature in highly acidic mine pit lake sediments
(Meier et al., 2005), and dissimilatory microbial Fe(III) reduction
increased at higher temperatures in a sub-alpine wetlands (Schilling
et al., 2019). However, the effects of temperature on anaerobic C fluxes
are poorly understood in Fe-rich tropical forests or temperate peatlands,
both of which hold considerable C stocks.

Methane (CHy) is a potent GHG with approximately 34-86 times the
global warming potential of COy (IPCC, 2014). Previous studies of the
response of CH4 fluxes to warming have largely focused on subarctic
peatlands and tundra (White et al., 2008; Turetsky et al., 2008; Voigt
et al., 2017). These studies observed small increases in CH4 production
with temperature over a range of 0.5-4 °C of warming. However, higher
Q10 values and more variability have been observed when Arctic and
sub-arctic peatland, boreal, and tundra soils were warmed across a
wider range of temperatures, with Q¢ values spanning from 1.3 to 6
with outliers upwards of 20 (Lupascu et al., 2012; Treat et al., 2015;
Zheng et al., 2018). An Alaskan tundra soil incubated over a 10 °C
temperature range exhibited Q¢ values for methanogenesis consistently
above 5, and as high as 22 (Roy Chowdhury et al., 2015). The upper
limits of these values were higher than the Q; values typically associ-
ated with COz production (Wang et al., 2010), suggesting that meth-
anogenesis could have a greater temperature sensitivity than CO,
production, while the median Q¢ values in boreal and tundra soils were
lower for net CHy fluxes (median Q19 = 1.16) than for CO5 production
(median Q19 = 1.39) (Treat et al., 2015). In studies of methanogenic
bacterial communities temperature increases led to overall decreases in
the abundance of methanogens, while having no effect on community
composition (Peltoniemi et al., 2016; Cui et al., 2015). How soil CH4
fluxes respond to temperature along broader temperature gradients in
tropical or temperate environments is not well understood.

Methanogens and Fe-reducing microbes can both use acetate as a
substrate, and methanogenic access to soil acetate can be suppressed by
Fe reduction (Teh et al., 2008). In Arctic tundra soils, acetate consumed
in methanogenesis increased with temperature, whereas acetate
consumed in Fe reduction was temperature-independent (Herndon
et al., 2015). It is unclear if this is a widespread phenomenon and un-
derstanding the temperature dynamics of Fe reduction and their rela-
tionship with CH,4 fluxes is relevant to predicting soil C storage and GHG
fluxes under a changing climate.

Here, we used a fully factorial incubation experiment to explore the
separate and combined effects of temperature and redox conditions on
key aspects of C cycling including soil CO; production, CH4 fluxes, Fe
reduction, and microbial biomass C, as well as microbial metabolic
quotient. We tested the hypothesis that anaerobic soil metabolisms
would exhibit different sensitivity to temperature changes than CO,
production due to differential temperature responses of Fe reduction and
methanogenesis, and their potential interactions. We used Fe-rich soils
from a tropical forest and temperate peatland to explore the potential
effects of native climo-edaphic conditions on the processes of interest.
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2. Materials and methods
2.1. Study sites

Samples (10 kg each, 0-10 cm depth) were collected from two sites
with Fe-rich soils and fluctuating redox conditions, but different
bioclimatic conditions: a humid tropical forest in Puerto Rico (PR) and a
flood-irrigated peatland soil in California (CA) (Table 1). Samples were
collected over a small area (approximately 5 x 5 m?) in each location
and pooled within sites (CA or PR). Separate experiments were carried
out on PR and CA soils to accommodate space in the glovebox. Tropical
soil samples were taken from the El Verde research area (18.3° N, 65.8°
W) in the Luquillo Experimental Forest, PR at approximately 380 m a.s.l.
The tropical soil was an Ultisol (Beinroth, 1982) and vegetation was
characterized as the tabonuco forest type with a mean annual temper-
ature of approximately 23 °C, and a mean annual precipitation of
approximately 3200 mm (Weaver and Murphy, 1990; Murphy et al.,
2017). The site is part of the NSF-sponsored Long-term Ecological
Research program and a Critical Zone Observatory and Thematic Clus-
ter. The peatland site was an alfalfa cropland on Mollisols in the Sac-
ramento/San Joaquin River Delta, CA (38.1 °N, 121.5 °W) at about —4
m a.s.l. with a mean annual temperature of 15 °C and a mean annual
precipitation of approximately 330 mm (Hatala et al., 2012). The Mol-
lisol developed on top of a deep buried peat layer. The site is believed to
have been last drained in the late 1800s, and has been cultivated with
alfalfa since 2015, and previously with corn. The soil bears resemblance
to the Peltier series, characterized by deep, poorly drained soil formed in
alluvium and aquatic plant remains.

Soil from the CA site contained higher levels of total C, HCl-
extractable Fe, and clay content than soil from the PR site (Anthony
and Silver, 2020; Gutiérrez del Arroyo and Silver, 2018; O’Connell et al.,
2018) (Table 1). The peatland soil was periodically irrigated, but had a
lower water holding capacity than the tropical forest soil (0.86 + 0.02 g
water g~ dry soil for CA vs. 1.07 + 0.01 g g~ for PR, p < 0.05).

2.2. Incubation setup

Soils were homogenized gently by hand and large roots and rocks
were removed. Approximately 100 g of soil was weighed into 473 mL
mason jars. Moisture was adjusted to 60% water holding capacity at the
start of the experiment (0.65 g water g~! for PR; 0.52 g water g~ ! for
CA). Jars were kept covered in between gas sampling events (which
occurred every 3 days) to minimize water loss. The incubation experi-
ment followed a fully factorial design including two sites (PR and CA),
two redox treatments (oxic and anoxic), and three temperature treat-
ments (8 °C, 26 °C, and 35 °C) for a total of 12 treatments and 144
mesocosms; for each of the 12 treatments, n = 6 samples for gas sam-
pling and an additional n = 6 samples for destructive sampling. Soils
were incubated in a cold room (8 °C), at room temperature (26 °C
average, over a range of 23-27 °C), and in a 35 °C incubator. Anoxic

Table 1

Site characteristics for PR and CA sites. Information is from Gutierrez del Arroyo
and Silver (2018) and O’Connell et al. (2018) for PR and Anthony and Silver
(2020) for CA, except for C, which was measured in this experiment.

Name  Location pH Total Total HCI- Clay
C (%) N (%) extractable (%)
Fe (mg/g)

PR El Verde research 4.89 3.17 0.40 1.70 + 0.48 22 +
area, Luquillo + + + 3
Experimental 0.07 0.01 0.05
Forest, Puerto
Rico

CA Sacramento-San 4.93 4.19 1.00 9.58 +1.43 27 +
Joaquin Delta, + + + 3

California 0.04 0.01 0.02
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environments were prepared by evacuating the jar headspace and
replacing it with an Ny:Hp (95:5%) gas mixture using an airlock attached
to an anaerobic glove box. Di-hydrogen can be a substrate for meth-
anogenesis, but flux rates measured here were similar to those for soils
from the same sites incubated in a pure N, headspace at ambient tem-
peratures (Teh et al., 2008; McNicol and Silver 2014). Jars were fitted
with gas-tight lids with gas sampling ports with rubber septa. Four-week
long incubations for PR and CA soils were run sequentially for a total
experimental period of 8 weeks.

2.3. Gas sampling

Headspace gas samples (30 mL) were taken once every three days
over the course of four weeks and stored in pre-evacuated 20 mL glass
vials for gas chromatography (GC) analysis. Vials were slightly over-
pressurized and sealed with silicone to minimize any chances of
contamination from atmospheric air. For each oxic mesocosm, the
mesocosm headspace was vented directly to the atmosphere for 10 min,
and then resealed. An initial (Tp) sample was taken directly after
resealing to determine baseline gas levels; the jar was then briefly
opened and sealed again to equilibrate pressure and then left sealed for
3 h at which time a final (Tg) sample was collected. For anoxic samples,
we took six Ty samples from the glove box atmosphere during each gas
sampling event, and Ty samples were taken from each re-sealed meso-
cosm headspace 3 h after venting. Anoxic samples were vented by
evacuating the jar headspace in the airlock of the glove box with three
evacuation cycles. Each cycle included pulling a vacuum of 0.67 atm and
purging back to 0.03 atm with Ny (first two cycles) and the glove box air
(last cycle). After venting, anoxic mesocosms were transferred from the
anaerobic airlock to the glovebox and allowed to equilibrate with the
glove box atmosphere before resealing. Gas samples were analyzed on
an Agilent 7890B GC (Agilent, Santa Clara, CA) for CO, and CHy4 using
TCD and FID detectors, respectively, within 1 week of sampling or sealed
with silicone to prevent leakage. Gas concentrations (ppm) were con-
verted to gas production rates (pmol CO, g ' soil h™!) using the
following equation:

R = 1000(c + mol(T))/(m - t) @

Where R is the gas production rate (pmol [CO3 or CHy4] g_1 soil h_l),
¢ is the gas concentration (ppm or mol [CO, or CHg4] per 10° mol gas),
mol(T) is the number of moles of gas as a function of treatment tem-
perature solved using the ideal gas law, m is the mass of dry soil, and t is
the time of gas accumulation.

2.4. Soil analyses

Destructive samples for HCl-extractable Fe(II) and total HCI-
extractable Fe were repeatedly collected from the same set of jars at
the end of each week throughout the 4 week period. Iron was extracted
from soil samples using 0.5 M HCl at 1:10 soil:HCl ratio by vortexing 4 g
oven dry weight equivalent soil with 40 mL HCI and shaking overnight.
Iron(II) in HCl was measured using the Ferrozine method and total HCI
Fe was measured by reducing Fe(III) with hydroxylamine hydrochloride
and measuring Fe(Il) by the Ferrozine method (Viollier et al., 2000).
Microbial biomass C was measured using the chloroform fumigation
method (Brookes et al., 1985). Approximately 20 g of soils from each
replicate at the end of the first and final weeks of the experiment were
split into a 10 g control and a 10 g fumigation sample. The fumigation
samples were held under vacuum with chloroform in a desiccator for at
least 5 days. Dissolved organic C was extracted from control and fumi-
gation samples with 40 mL 0.5 M K2SO4 in centrifuge tubes by shaking
for approximately 1 h. The liquid phase was filtered (Whatman #1, pore
size 11 pm) and stored in the freezer for dissolved organic C analysis on a
TIC/TOC analyzer (O-I Analytical, College Station, TX). Microbial
biomass C (MBC) was measured by subtracting control total organic C
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from fumigated total organic C. Microbial biomass C values were
divided by 0.45 based on Brookes et al. (1985). The microbial metabolic
quotient (MMQ) was calculated by standardizing average CO5 fluxes on
a given day per unit of average microbial biomass measured from soil
destructively sampled the same day, resulting in a single value per
treatment (Xu et al., 2017). Soil C concentrations were measured in
duplicate on air-dried and ground soil on an elemental analyzer (CE
Elantech, Lakewood, NJ). All analyses were performed at U.C. Berkeley.

2.5. Statistical analyses

Statistical analyses were carried out in R using additional packages
“car” and “agricolae”. Gas flux Qj calculations were performed using a
linear model plotting the natural log of flux rate against temperature
based on the equation:

R = AT (2)

Where R is the gas flux rate, A is the Arrhenius constant, T is the
temperature, and b is the slope of the linear model such that €19 js the
Q10 value (Zhou et al., 2013). ANOVA was used to determine the effects
of temperature and headspace conditions on cumulative CO, production
and CHy4 fluxes, Fe(II), and microbial biomass. Data met the ANOVA
model assumptions, except for CH4 and Fe(II) data, which exhibited
non-normally distributed residuals due to higher variance in the anoxic
35 °C treatment. To normalize the residuals, an inverse square (y_z)
transformation was used on the dependent variables and ANOVA was
conducted on the transformed data. A Tukey HSD test was used to
determine the degree of significance between specific temperature and
redox treatment interactions. Statistical significance was determined as
the 90% level (p < 0.1) to account for large effect sizes despite sample
heterogeneity, unless otherwise noted.

3. Results
3.1. Carbon dioxide fluxes

Cumulative CO2 production followed an expected positive response
to temperature in all treatments. Here, we defined the cumulative CO,
production as the summed net CO; fluxes measured during 3-h periods
every 3 days over the course of the 4-week experiment. In both PR and
CA soils, cumulative CO2 production increased significantly between
both 8 and 26 °C and 26 and 35 °C (p < 0.1) (Fig. 1). In PR soils, oxic and
anoxic CO; production exhibited similar temperature sensitivity, with
Qi values of 1.25 + 0.03 and 1.28 + 0.06, respectively (Fig. 1a). The
temperature sensitivity of oxic and anoxic CO, production was also
similar in CA soils, with Q¢ values of 1.29 + 0.02 and 1.36 + 0.09,
respectively (Fig. 1b). Total oxic COy production was significantly
higher than under anoxic conditions (p < 0.05) in PR soils, but there was
no significant difference by redox treatments in CA soils.

3.2. Methane fluxes and Fe reduction

Headspace CHy4 and soil Fe(II) concentrations measured from oxic
mesocosms were uniformly low across temperature treatments (Fig. 2).
In the anoxic PR treatment, both cumulative CH4 fluxes (calculated as
the sum of all net CHy4 fluxes measured over the course of the experi-
ment) and total reduced Fe(Il) (measured at the end of the experiment)
significantly increased over 13-fold between 26 and 35 °C (p < 0.05) but
showed no significant change between 8 and 26 °C (Fig. 2a and b).
Anoxic CH4 and Fe(Il) concentrations in CA soils did not exhibit a sta-
tistically significant increase between 26 and 35 °C; however, the dif-
ference between oxic and anoxic samples was greatest at 35 °C (p <
0.001) (Fig. 2c and d). Mean CH4 fluxes in CA soils increased by over
400% between 26 and 35 °C as opposed to 30% between 8 and 26 °C
(Fig. 2c). Methane fluxes and Fe(II) concentrations were positively
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Fig. 1. Cumulative CO, production. The sum of fluxes measured at each sampling period over the 4-week experiment for Puerto Rico (a) and California (b) soils in
anoxic and oxic environments. Different lower case letters denote statistically significant differences across treatments (p < 0.1). The box plots indicate the median
and the first and third quantiles. The whiskers indicate the smallest and largest observations, discounting outliers which are marked by a black dot.

Fig. 2. Cumulative methane flux and reduced
iron. Net methane (CH,) flux (sum of measured
fluxes from each sampling period over the experi-
ment) (a, ¢) and total reduced iron (Fe(II)) concen-
trations at the end of the experiment (b, d) in
incubations for PR (a, b) and CA (c, d) soils. Y-axes
are log scale. Different lower case letters denote sta-
tistically significant differences across treatments (p
< 0.1). The box plots indicate the median and the first
and third quantiles. The whiskers indicate the small-
est and largest observations, discounting outliers
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correlated in both soils (p < 0.05, R%=0.98 for PR, R%=0.36 for CA). In
PR soils, both CH4 fluxes and Fe(II) concentrations increased throughout
the experiment, whereas in CA soils, Fe(II) appeared to plateau after the
second week of measurement, but methane fluxes continued to increase
but with high variability (Fig. 3). In both PR and CA soils, CH,4 fluxes at
35 °C were more variable than at any other temperature.

3.3. Microbial biomass carbon and microbial metabolic quotient

Soil C concentrations were 3.17% =+ 0.01% in the tropical soil and
4.19% =+ 0.01% in the peatland soil. Microbial biomass C (MBC) con-
centrations were determined after the first and fourth weeks of incu-
bation. No statistically significant differences were found in PR soil MBC
concentrations across treatments after 1 week (Fig. 4a). After 4 weeks,
however, MBC concentrations decreased significantly from 26 to 35 °C
and from oxic to anoxic treatments (p < 0.05) (Fig. 4b). In CA soil, the
anoxic 35 °C incubations exhibited significantly higher MBC than at
lower temperatures after one week (p < 0.001) (Fig. 4c). In contrast with
PR soil, MBC concentrations did not decrease between 26 and 35 °C after
four weeks (Fig. 4d).

Average soil CO, production measured at the end of week 1 and week

4 were standardized by average microbial biomass to create a single
microbial metabolic quotient measurement (MMQ) for each treatment.
All calculated MMQ values for PR exhibited an increase in temperature
sensitivity measured as higher Q¢ values compared to total CO;, pro-
duction (Fig. 5). The increase in MMQ between 26 and 35 °C was more
than 1.5 times greater in anoxic than oxic incubations. However, in CA
soil, Q19 values decreased when standardized for MMQ in three out of
four treatments (Fig. 6). Notably, CA MMQ did not increase with tem-
perature in anoxic incubations, and exhibited a Qo value less than 1
after 4 weeks, suggesting a decrease in MMQ with temperature (Fig. 6d).
In many cases, uncertainty in Qo increased after standardizing for
MMQ.

4. Discussion
4.1. Temperature sensitivity of anaerobic metabolisms

Methane fluxes and Fe reduction, important anaerobic biogeo-
chemical processes measured in this experiment, exhibited different

sensitivities to temperature changes than aerobic CO, production in
both a tropical forest and a temperate peatland, suggesting that
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Fig. 5. Microbial metabolic quotient (MMQ) for
Puerto Rico soils. CO, production after the first (a,
¢) and fourth (b, d) week of Puerto Rico (PR) soil
incubation before (a, b) and after (c, d) being stan-
dardized by MBC measurements from the same day to
produce an MMQ. Box plots of MMQ show the mean
CO, production divided by the mean MBC measured
on the same day as a single value. Lower and upper
limits are calculated as the sum of the percentage
standard errors of CO, respiration and MBC.

:’ Anoxic

a) Qq0, anox= 1.24 £ 0.06 b) Qu, anox= 1.37 £ 0.09
Qp, 0x=1.30 £ 0.02 Qqq, 0= 1.31£0.04
0:25 ‘ 0.20
N —
£0.20 2 .
2 % 0.15
20.15 El_;_l
€ © ==
2 : 0.10 . $
go.10 [ == == — B
=
005l 0.05
' 8 26 35 8 26 35
c) Quo,anon = 145 £ 0.04 d) Quo,gron=1.4£ 0.5
~ Q= 1.4+0.2 Qqo, o= 1.5£0.2
= 0.16 E
‘ll)
=
02 0.12
j=))
€
§ E
© 0.08
g =
Bl B
g HE
: | = =
8 26 35 8 26 35

Temperature (°C) Temperature (°C)

a) Quo, anox= 1.4 0.1 b) Quq, anex= 1.4 £ 0.1
Quo, 0= 1.15£0.04 Qo= 2.06£0.06

_.0.20 0.20

=

3 0.15
< 0.15

o

g 0.10

5

<010

(o] a

) 0.051 ==

° % * [ o
Oxic
C) Qy, anox = 1.027 £ 0.002 d) Q40 anox=0.8£0.2

- Qyo, o= 1.22 £ 0.02 Quo, 0= 1.9£0.2
- 0. 0.6

=

‘ﬁ 0.6

£

205 0.4

j2}

6! R

O

BH HE =
3

o E E

2o2

Z =

8 26 35 8 26 35

Temperature (°C)

Temperature (°C)

Fig. 6. Microbial metabolic quotient (MMQ) for California soils. MMQ values calculated for California (CA) soils (c, d) compared with original CO, production
(a, b) after first (a, ¢) and fourth (b, d) weeks of incubation. Box plots of MMQ show the mean CO, production divided by the mean MBC measured on the same day as
a single value. Lower and upper limits are calculated as the sum of the percentage standard errors of CO, production and MBC.

anaerobic metabolisms exhibit a significantly increased temperature
sensitivity at higher temperatures. Neither CH4 fluxes nor Fe reduction
exhibited a significant increase with temperature between 8 and 26 °C in
anoxic PR or CA soils. We found significant increases between 26 and
35 °C for both Fe(Il) concentrations and CHy4 fluxes in PR soil, and the
increase between 26 and 35 °C was consistently greater than between 8
and 26 °C for both processes at each site. In CA soil, the increase between
oxic and anoxic CH4 and Fe(II) was most significant at 35 °C. These
results differ from past measurements that focused on aerobic COy
production and exhibited an exponentially or otherwise consistently

increasing response to temperature (Lloyd and Taylor, 1994; Fang and
Moncrieff, 2001). Our results suggest that anaerobic processes may
exhibit a greater temperature sensitivity at higher temperatures than
lower temperatures.

In both PR and CA soils, we observed anoxic COy production at the
same order of magnitude as under oxic conditions. This is similar to
recent findings in tropical forests (Gross et al., 2018), although anoxic
CO; production was much closer to oxic rates in CA soil than in past
incubation measurements of anoxic peatlands (Scanlon and Moore,
2000). There were no site or treatment effects on the Qo of cumulative
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CO production. Interestingly, we did not observe the same significant
increase in COy production between 8 and 26 °C under anoxic conditions
in the PR or CA soils that we observed under oxic conditions. Our results
show that high rates of anoxic CO2 production are largely driven by
increases that occurred at 35 °C in these soils. This corresponded with a
large increase in anoxic Fe(II) at 35 °C, suggesting that C oxidation
coupled to dissimilatory microbial Fe reduction may be an important
driver of anoxic CO5 production under a warmer climate.

4.2. Effects of temperature change of microbial biomass C and MMQ

The MMQ is an important control on heterotrophic respiration (Xu
et al., 2017). Here, the MMQ behaved differently in the two soil types
under an anoxic headspace. Microbial biomass C concentrations in PR
soils were significantly lower in the warmed treatment by the end of the
experiment, particularly under anoxic conditions. This is likely driven
by enzyme denaturation at higher temperature (Joergensen et al.,
1990). However, MMQ Q¢ values in both oxic and anoxic treatments
increased relative to Q¢ values taken from CO5 production at the end of
the experiment. These results suggest that a smaller pool of active mi-
crobes in the PR soils was able to respire at a much higher rate when
subjected to elevated temperature between 26 and 35 °C. Specific
ligninase-producing microbes are selected for at high temperatures to
break down recalcitrant C (Chen et al., 2020), which may have
contributed to the patterns observed. The increased rate of microbial
respiration at higher temperatures corresponded to a significant in-
crease in CH4 production and higher Fe(II) concentrations. These results
suggest that a combination of high temperature and low redox envi-
ronments may lead to increased activity of anaerobic microbial com-
munities, while simultaneously decreasing the size of the microbial
biomass pool in the tropical soil. The significantly increased rates of CHy4
production at higher temperature suggest a “hot moments” mechanism
(McClain et al., 2003), by which a significant portion of tropical soil CH4
production may occur over short periods of high temperature conditions
in low redox environments.

We observed different patterns in the temperate soils. The MBC
concentrations in CA soils did not exhibit the same decrease between 26
and 35 °C by the end of the experiment. Consequently, MMQ Q;¢ values
generally decreased relative to the Q;¢ values of CO, fluxes - the
opposite of the result observed in PR soils. We also note that the
increased temperature sensitivity of anaerobic metabolisms between 26
and 35 °C was not as large in CA soils as PR soils. While the increased
temperature sensitivity of anaerobic metabolisms may be due to
specialized microbial activity in PR soils, we speculate that it is more
likely due to increase in microbial pool size in CA soils. Additionally,
MMQ did not increase with increasing temperature in anoxic in-
cubations (Q1¢ < 1). It is possible that the interaction of anoxia and high
temperature may have an adverse effect on microbial respiration rates in
this environment.

In PR soils we observed greater temperature sensitivity of MMQ
between 26 and 35 °C in anoxic treatments relative to the oxic soils,
whereas in CA soils we observed a lower Qi value in anoxic samples.
The different patterns observed in the PR and CA sites may result from
the differences in the background climate regimes. The PR site experi-
ences an average of 8 °C higher mean annual temperatures and almost
10 times as much rainfall annually as the CA site (Weaver and Murphy,
1990; Murphy et al., 2017; Hatala et al., 2012). These conditions likely
favor specialized microbes that respire more efficiently under both
higher temperatures and wet, anoxic conditions. Conversely, the more
moderate conditions and higher background interannual variability at
the temperate peatland site may favor more generalist microbial pop-
ulations in these soils.

4.3. Coupling of methanogenesis and Fe reduction

Our results suggest a possible coupling of CH4 production and Fe
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reduction. Methanogens and Fe-reducing microbes frequently use the
same substrate, acetate, for metabolism (Roden and Wetzel, 1996).
Methane fluxes and Fe(II) concentrations were positively correlated in
both the PR and CA anoxic treatments. In PR soils, the HCl-extractable
Fe was found to be almost completely in the reduced form of Fe(Il),
whereas Fe(II) composed approximately 60% of the HCl-extractable Fe
measured in CA soils by the end of the experiment (Data not shown).
High concentrations of poorly crystalline Fe mineral species have been
found in drained CA Delta peatland soils, which may account for the
remaining Fe(Ill) in this experiment (Anthony and Silver, 2020).
Methane fluxes continued to increase through the course of the experi-
ment in PR soil incubations, and also did so with high variability in CA
soil incubations, even after Fe(II) plateaued in the second week.
Iron-reducers may limit methanogenic access to acetate (Teh et al.,
2008), and our results suggest that CH4 emissions increased after
reducible Fe(IIl) concentrations were exhausted. It is important to note
that the presence of hydrogen in anaerobic incubations in this study may
have facilitated hydrogenotrophic methanogenesis, so the correlation
between CH,4 and Fe(Il) is not necessarily due to competition for acetate.
However, CHy4 fluxes measured at intermediate temperatures in this
study were similar to those reported by McNicol and Silver (2014) using
similar soils (CA peatland and PR tropical forest) and a pure N3 atmo-
sphere. Teh et al. (2008) also measured CHy4 fluxes from Puerto Rican
rainforest soils under a pure Ny headspace and reported a similar range
of values found here across all treatments. That study interestingly
found that Fe(IlI) reduction inhibited both acetoclastic and hydro-
genotrophic methanogenesis (Teh et al., 2008).

4.4. Conclusion

We found that redox regimes played a significant role in the tem-
perature sensitivity of biogeochemical processes in soils with variable
redox conditions. The anaerobic biogeochemical processes analyzed
here exhibited significantly increased temperature sensitivity at higher
temperatures compared to lower temperatures, differing from consistent
increases observed in oxic COy production across temperature ranges.
These patterns in the temperature sensitivity of redox biogeochemistry
occurred in both the tropical and temperate sites. Anoxic MMQ mea-
surements exhibited higher temperature sensitivity relative to oxic
measurements in PR soils, but lower temperature sensitivity in CA soils,
suggesting anaerobic microbial respiration is more efficient at high
temperatures in the tropical environment. We suggest that increased
anaerobic metabolisms at high temperature may be attributed to
increased activity of a smaller proportion of the microbial biomass pool
in the tropical soil but are more likely a function of microbial pool size in
temperate environments. Additionally, we found that methanogenesis
was correlated with Fe reduction in both systems. Our results suggest
higher temperatures and increased extreme rainfall events that together
can drive oxygen depletion in soils may interact to affect Fe, C, and GHG
dynamics by increasing rates of anaerobic soil metabolisms differently
than under oxic conditions.
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