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Nibia Becerra-Santillan e,f, Sophia F. Campbell g, Hieu P. Chu f, Trung Dam b,f,  
Iana F. Grullón-Penkova d , Miriam Kleit e , Deyaneira A. Ortiz-Iglesias d ,  
Laura C. Rubio-Lebrón d, Molly A. Cavaleri h , Sasha C. Reed i , Debjani Sihi j ,  
Tana E. Wood d , Christine S. O’Connell a,b,*

a Department of Biology, Schmid College of Science and Technology, Chapman University, 1 University Dr, Orange, CA 92866, United States
b Department of Environmental Studies, Macalester College, 1600 Grand Ave, St Paul, MN 55105, United States
c Department of Ecosystem Science and Management, Pennsylvania State University, 453 Shortlidge Rd, University Park, PA 16802, United States
d U.S.D.A. Forest Service, International Institute of Tropical Forestry, Río Piedras, Jardin Botanico Sur, 1201 C. Ceiba, San Juan, 00926, Puerto Rico, United States
e Department of Biology, Macalester College, 1600 Grand Ave, St Paul, MN 55105, United States
f Department of Math, Stats and Computer Science, Macalester College, 1600 Grand Ave, St Paul, MN 55105, United States
g Geological Sciences Program, George Washington University, 2121 I St NW, Washington, DC 20052, United States
h College of Forest Resources and Environmental Science, Michigan Technological University, 1400 Townsend Dr., Houghton, MI 49931, United States
i U.S. Geological Survey, Southwest Biological Science Center, 2290 SW Resource Blvd Moab, UT 84532, United States
j Departments of Plant and Microbial Biology and Crop and Soil Sciences, N.C. Plant Sciences Initiative, North Carolina State University, Raleigh, NC 27695, United 
States

A R T I C L E  I N F O

Keywords:
Methane
Tropical forests
Warming
Experimental manipulation
Climate change
Soil respiration

A B S T R A C T

Methane (CH4) is a potent greenhouse gas, and tropical forests account for roughly one–third of global atmo
spheric CH4 uptake by soils. Projected warming and more frequent hurricanes in these ecosystems may alter soil 
CH4 sink strength, as warmer and wetter soils enhance methanogenesis activity. We measured soil CH4 and CO2 
efflux during the calendar summer months of 2023 and 2024 alongside continuous records of soil moisture, soil 
and air temperature, and precipitation in an in–situ warming experiment (TRACE) located in a lowland tropical 
forest in Puerto Rico, six to seven years after Hurricanes Irma and Maria (2017). The realized warming (~1.95◦C) 
enhanced soil respiration only in summer 2023 (p < 0.05), but net soil CH4 uptake was invariant in both 
campaigns (p > 0.05). Instead, sampling day and between–plot variability explained soil CH4 dynamics much 
more than treatment contrasts. Importantly, CH4 uptake was consistently coupled to CO2 efflux, suggesting tight 
linkages between methanotrophic and heterotrophic activities. Between treatments, CH4 and CO2 responses to 
soil temperature variation were less sensitive in warmed plots, which may suggest weak metabolic upregulation 
under elevated temperatures. Together, these findings indicate that lowland tropical soils remain CH4 sink even 
under warming and years after hurricane disturbance, with CH4 dynamics driven more by spatial and temporal 
variability than experimental warming. Long–term, high–resolution monitoring integrating soil biogeochemistry 
and microbial processes will be critical to determine whether the observed net CH4 uptake signal represents a 
sustainable or transient response under continued warming and disturbance.

Abbreviations: AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; C, carbon; CH4, methane; CI, confidence interval; CO2, carbon dioxide; df, 
degrees of freedom; ΔTWarming-Control, soil temperature difference between Warming and Control treatments; ΔVWCWarming-Control, soil moisture difference between 
Warming and Control treatments; GAMM, Generalized Additive Mixed Model; IR, infrared; LEF, Luquillo Experimental Forest; LLM, linear mixed-effect model; N, 
nitrogen; NO3

− , nitrate; ppm, parts per million; QC, quality control; Q-Q plot, quantile-quantile plot; REML, Restricted Maximum Likelihood; SE, standard error, soil 
GHG, soil greenhouse gases; soil T, soil temperature; TRACE, Tropical Responses to Altered Climate Experiment; VWC, volumetric water content (soil moisture).
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1. Introduction

Methane is a potent greenhouse gas (GHG) that absorbs Earth’s 
emitted infrared radiation more efficiently than carbon dioxide (CO2), 
with a global warming potential approximately 28 times greater over a 
100-year time horizon (Saunois et al., 2025, 2020). Since 1750, atmo
spheric methane (CH4) concentrations have nearly tripled, reaching 
~1.934 parts per million (ppm) as of April 2025 (Lan et al., 2025). This 
increase is largely driven by anthropogenic activities, such as fossil fuel 
extraction, livestock production, and rice cultivation, which emit 
approximately 369 Tg CH4 per year and account for an estimated ~31% 
of historical global warming since pre-industrial times (Saunois et al., 
2025, 2020). Soils can play a substantial role in terrestrial exchange of 
CH4 with the atmosphere, including through the microbial production of 
CH4 via methanogenesis (methane emission/source). At the same time, 
other microbes in soils consume CH4 (i.e., via methanotrophy, methane 
uptake/sink), and the net exchange of CH4 between soils and the at
mosphere is determined by the balance in microbial processing that 
produces versus consumes CH4 (Nazaries et al., 2013; O’Connell et al., 
2018; Silver et al., 2013; Zhao et al., 2019). Although CH4 has a rela
tively short atmospheric lifetime (~9 years), natural removal processes 
may not be keeping pace with rising emissions (Collins et al., 2013; 
Nisbet et al., 2019). Microbial consumption of CH4 in soils represents the 
only terrestrial biogeochemical sink for atmospheric methane, removing 
~7% of atmospheric CH4 (Dutaur and Verchot, 2007; Saunois et al., 
2025, 2020). Thus, monitoring soil net CH4 flux rates can support 
improved accuracy of future climate predictions, and uncertainties 
persist in how soil CH4 flux rates may change alongside shifting climate 
and disturbance regimes.

Among terrestrial biomes, tropical forests play a disproportionate 
role in global carbon (C) cycling (Bonan, 2008; Chambers et al., 2004; 
Malhi and Grace, 2000; Pan et al., 2011), accounting for approximately 
31% of global atmospheric CH4 uptake (~9-49 Tg CH4 y− 1) (Dutaur and 
Verchot, 2007; Saunois et al., 2025, 2020; Zhuang et al., 2013). Yet 
under a warmer climate, the strength of the tropical soils CH4 sink may 
be altered, with some studies suggesting conditions under which net CH4 
emissions could increase, exacerbating radiative forcing (Feng et al., 
2022; O’Connell et al., 2018; Quebbeman et al., 2022a). Projected 
warming of up to ~4◦C in tropical latitudes (IPCC, 2018) is expected to 
interact with other climate-driven disturbances, notably the increasing 
frequency and intensity of tropical cyclones (i.e., hurricanes) (Knutson 
et al., 2019). Forest recovery from a hurricane can trigger long–term 
shifts in soils and microbial communities that persist for years after 
disturbance, compounding the warming effect (Reed et al., 2020; 
Townsend et al., 2011). The diversity of climates, precipitation regimes, 
and biodiversity across tropical forests (Townsend et al., 2008) further 
complicates the assumption of a uniform response of these ecosystems to 
global warming (McFarlane et al., 2024; Nottingham et al., 2015). An 
Earth System Model intercomparison found that projected C balance in 
tropical regions shows three times more variability than in any other 
latitude band, highlighting persistent challenges in representing C dy
namics in these C-rich ecosystems (Cavaleri et al., 2015). Indeed, even 
subtle shifts in tropical forest C cycling under warmer conditions could 
have substantial implications for methane emissions and their feedback 
to global climate.

The two opposing microbial fluxes that determine net CH4 efflux in 
tropical soils are regulated by the availability of oxygen, with meth
anogenesis occurring under anaerobic conditions, and methanotrophy 
under aerobic condition (Nazaries et al., 2013; O’Connell et al., 2018; 
Silver et al., 2013; Zhao et al., 2019). In tropical forests, deeper soil 
layers are often saturated and poorly oxygenated, favoring methano
genesis, whereas upper mineral horizons are typically well–aerated, 
allowing methanotrophs to oxidize CH4 into CO2 from both upward 
diffusion of microbially produced methane and downward diffusion of 
atmospheric methane at the soil–atmosphere interface (Dijkstra et al., 
2011; Dutaur and Verchot, 2007; Zhao et al., 2019). Soil aeration, and 

therefore redox status, is largely controlled by soil moisture content. 
Higher soil moisture reduces air–filled pore space, creating anoxic 
conditions that promote methanogenesis. Conversely, drier soils 
generally favor methanotrophy, although activity declines if moisture 
levels fall below the methanotrophs’ physiological optimum (Castro 
et al., 1995; Dijkstra et al., 2011; Nazaries et al., 2013; Voigt et al., 2023; 
Wanyama et al., 2019; Zhao et al., 2019). In the context of climate 
warming and post–hurricane recovery, shifts in soil moisture and aera
tion can persist for years, potentially reshaping microbial redox envi
ronments and regulating whether tropical soils act as stronger or weaker 
CH4 sinks.

Soil temperature also may modulate methanotrophic activity 
directly by increasing metabolic rates, or indirectly by enhancing 
aeration and drying (Castro et al., 1995; Wu et al., 2010). Under 
warming alone, higher temperatures and reduced soil moisture are 
generally expected to strengthen the CH4 sink (Dijkstra et al., 2011; 
D’Imperio et al., 2017; Peltoniemi et al., 2016). Warming often reduces 
methanogen abundance (Peltoniemi et al., 2016), while the remaining 
microbes, potentially methanotrophs, respond rapidly, potentially 
competing with plants for nutrients (Reed et al., 2020). This shift can 
increase microbial biomass pools (Reed et al., 2020) and respiration 
rates (Kirschbaum, 2006; Wood et al., 2025), while suppressing methane 
production (Peltoniemi et al., 2016). These combined processes 
frequently produce a negative correlation between CH4 and soil respi
ration (i.e., soil CO2 efflux), where enhanced CH4 uptake coincides with 
elevated CO2 emissions (Voigt et al., 2023; Zhao et al., 2019). However, 
in combination with hurricane disturbance, the response can differ 
(Reed et al., 2020).

When hurricanes strike, they substantially alter both above– and 
belowground biomass, triggering cascading effects on biogeochemical 
cycles (Frangi and Lugo, 1991; Lodge et al., 1991; Scatena and Larsen, 
1991; Steudler et al., 1991). Intense storms strip leaves and branches 
from canopy trees, transferring large amounts of biomass to the soil, 
altering light availability, and modifying the understory microclimate 
until the canopy recovers (Shiels et al., 2014). Root biomass is also 
reduced after hurricanes (Tunison et al., 2024). These structural changes 
result in higher soil moisture likely due to reduced plant evapotranspi
ration and greater throughfall (Reed et al., 2020; Shiels et al., 2014; 
Steudler et al., 1991), while also increasing nutrient inputs from 
decomposing litter and roots (Frangi and Lugo, 1991; Lodge et al., 1991; 
Reed et al., 2020; Tunison et al., 2024; Yaffar et al., 2021). Enhanced 
litterfall inputs under wetter conditions sustain nutrient–rich environ
ments that stimulate shifts in soil microbial community structure, 
resulting in lower richness but higher abundance of taxa adapted to such 
conditions, including methanogens (Eaton et al., 2020; Finn et al., 2020; 
Lodge et al., 1991). A recent study suggests that such post–hurricane 
nutrient pulses can shift soils from a CH4 sink to a net source, accom
panied by elevated CO2 efflux (Quebbeman et al., 2022a). One mecha
nism is the enhanced decomposition of low–quality substrates such as 
pectin and lignin into acetate (Corteselli et al., 2017), a preferred sub
strate for methanogens in water–saturated tropical soils (Sihi et al., 
2021). Acetoclastic methanogenesis (i.e., acetate conversion to CH4) 
also releases CO2 as a byproduct (Conrad, 2020), which may explain any 
observed concurrent rise in CO2 and CH4 fluxes after hurricanes. When 
hurricane impacts occur in ecosystems already “stressed” by prior 
warming, the combined effects can fundamentally alter soil biogeo
chemical cycling and ecosystem resilience (Reed et al., 2020). This 
warming–hurricane interaction may produce a second legacy effect, 
where the prior thermal stress modifies the post–disturbance trajectory 
of soils and microbial communities for years after the tropical cyclo
ne/storm (Reed et al., 2020; Townsend et al., 2011; Yaffar et al., 2021), 
potentially amplifying soil GHG emissions. Under altered soil moisture, 
redox conditions, and nutrient inputs supplied by hurricane disturbance, 
warming may accelerate decomposition and substrate supply for 
methanogenesis (Wilson et al., 2021), tipping soils toward greater CH4 
and CO2 emissions. Such changes may influence soil GHG fluxes well 
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beyond the immediate disturbance period, persisting until canopy 
structure, and consequently throughfall and evapotranspiration, re
covers toward pre–hurricane stages (Shiels et al., 2014; Quebbeman 
et al., 2022b). Although aboveground canopy cover can recover within 
~24 months, hurricane–derived canopy debris and altered soil structure 
can persist for several years (>4 years; Shiels et al., 2014), sustaining 
elevated soil moisture and modified redox conditions during ecosystem 
recovery. Under these legacy conditions, sustained warming does not act 
independently, but rather may modulate hurricane–driven changes in 
soil moisture and microbial environments, influencing whether soils 
function as net CH4 sinks or sources. These interactive effects are ex
pected to be strongest during warmer and wetter periods of the year (e. 
g., the calendar summer months), when elevated air temperatures 
(González et al., 2025) and rainfall (García-Martinó et al., 1996) further 
increase soil temperature and maintain high soil moisture, with evapo
ration buffered by persistent debris layers accumulated following hur
ricane events (Shiels et al., 2014). In this context, warming may amplify 
hurricane legacy effects by increasing the likelihood of seasonal shifts 
toward net CH4 emissions. Whether such seasonal shifts from net sink to 
source occur and persist in a warmer world remains unclear, a knowl
edge gap that could obscure unexpected ecosystem trajectories and bias 
global CH4 budget estimates in climate models.

To address this gap, we conducted a field–based observational study 
of soil CH4 and CO2 fluxes in the wake of both >5 years of ecosystem 
warming and recovery from a large–scale hurricane disturbance in a wet 
tropical forest. This study was conducted at the Tropical Responses to 
Altered Climate Experiment (TRACE) in Puerto Rico, a unique long
–term warming manipulation in a lowland tropical ecosystem. The 
TRACE site has undergone multiple years of experimental warming both 
before and after Hurricanes Irma and Maria struck on September 6 and 
20, 2017, respectively (Kimball et al., 2018; Reed et al., 2020; Tunison 
et al., 2024; Yaffar et al., 2021). We present a targeted study examining 
the mechanistic responses of soil methane fluxes to altered abiotic 
conditions, specifically soil temperature and moisture, and evaluate soil 
CO2 efflux as a proxy for microbial activity and decomposition turnover 
rates following prolonged warming and several years of hurricane re
covery, compared to unwarmed plots (i.e., Control) during the summer 
months of 2023 and 2024.

Previous studies at TRACE have examined soil biogeochemistry 
(Reed et al., 2020), root dynamics (Tunison et al., 2024), and soil 
respiration (Wood et al., 2025) under the combined legacy effects of 
warming and Hurricanes Irma and Maria. However, the directional 
response of soil CH4 fluxes under the same treatments and legacy effects 
remained unexplored. Here, we explicitly investigated soil CH4 dy
namics at TRACE under the dual, interactive legacies of prolonged 
warming and ecosystem recovery from hurricane disturbance, a context 
not previously explored at this site. Based on the integration of soil CH4 
flux responses to variation in abiotic conditions and heterotrophic ac
tivity, we tested two contrasting hypotheses regarding whether lowland 
tropical soils act as a CH4 sink or source under warmer conditions 
following hurricane disturbance:

Hypothesis 1. Under this scenario, sustained warming attenuates 
hurricane legacy effects by enhancing soil aeration following ecosystem 
recovery. Warming–induced drying and increased soil aeration promote 
methanotrophic activity and suppress methanogenesis, resulting in soils 
functioning more as a net CH4 sink. We expect warming to generate drier 
conditions and higher CH4 uptake (i.e., more negative CH4 fluxes), 
accompanied by elevated soil CO2 efflux indicative of increased micro
bial respiration. The observed negative correlation between soil CH4 and 
CO2 effluxes may arise from two, not mutually exclusive mechanisms: (i) 
favorable warmer and drier soil conditions that concurrently stimulate 
methanotrophs and other heterotrophs, and/or (ii) direct biological 
coupling through the oxidation of CH4 to CO2 by methanotrophs under 
altered conditions.

Hypothesis 2. Alternatively, sustained warming may amplify long
–term hurricane legacy effects, reducing soil CH4 strength toward net 
methane emission. In combination with nutrient pulses from can
opy–derived litter and altered hydrology associated with long–term 
storm impacts, wetter soil conditions combined to accelerated war
ming–driven could enhance anaerobic methanogenesis and shift soils 
from a CH4 sink to a net source. Under this scenario, we expect warming 
to increase CH4 emissions while also elevating CO2 efflux through 
stimulated microbial turnover under persistently high soil moisture 
conditions.

2. Materials and methods

2.1. Site description

This research was conducted from June 2023 to July 2024 at the 
Tropical Responses to Altered Climate Experiment (TRACE) site, located 
next to the Sabana Field Research Station within the Luquillo Experi
mental Forest (LEF, El Yunque National Forest, USDA Forest Service; 
18◦19′28.74″ N, 65◦43′50.09″ W; Fig. 1) in Puerto Rico at an elevation of 
~122 m a.s.l. The site hosts a unique subtropical wet forest (Holdridge, 
1967) characterized by a mean annual temperature of approximately 24 
◦C and a mean annual precipitation of about 3,500 mm, based on records 
from 1970 to 1994 (García-Martinó et al., 1996). Mean diurnal and 
monthly temperatures experienced in this forest are narrow, ranging 
from 20 to 26◦C (Wood et al., 2025) and 23.5 to 27◦C (García-Martinó 
et al., 1996), respectively. Although there is no pronounced dry season 
in this rainforest, the driest period typically occurs between January and 
March, when monthly precipitation drops below 200 mm and exhibits 
lower variability compared to the rest of the year (Heartsill-Scalley 
et al., 2007). Given the documented variability in magnitude and tem
poral distribution of rainfall across tropical latitudes in recent decades 
(Feng et al., 2013; O’Connell et al., 2018), we intentionally refrained 
from using climatologically confounding terminology to define seasonal 
boundaries associated with calendar conventions, especially in a weakly 
seasonal system like Puerto Rico. Accordingly, conventional calendar 
seasons, such as “summer”, are used solely as temporal descriptors to 
distinguish sampling campaigns, without implying specific climatolog
ical states. While the TRACE site may experience periods of higher 
rainfall, these wetter conditions are probabilistically distributed across 
multiple months, including, but not limited to, those corresponding to 
calendar summer (García-Martinó et al., 1996; Heartsill-Scalley et al., 
2007).

2.2. Experimental design

The TRACE plot array consists of six in-situ hexagonal replicates 
selected to represent similar soil composition and understory vegetation 
while accounting for topographic variability. Soils at the site are acidic 
and clay–rich, classified as Oxisols originating from volcanoclastic 
parental material (Beinroth et al., 2003; Muñoz et al., 2018). Understory 
vegetation within each plot is generally dominated by Psychotria bra
chiata, Piper glabrescens, Guarea guidonia, Miconia racemosa, Inga vera, 
and Prestoea acuminata (Tunison et al., 2024). All plots are situated on 
slopes ranging from 18◦ to 26◦ (Kimball et al., 2018).

Three of the six 12 m2 plots are actively warmed using rectangular 
infrared (IR) heaters mounted on galvanized steel posts (i.e., Warming 
treatment). The warming manipulation experiment was initiated on 
September 28, 2016, but was interrupted almost one year later 
(September 5, 2017) due to Hurricanes Irma and Maria (Reed et al., 
2020). The storms caused severe canopy disturbance and widespread 
damage to the island's power infrastructure, as well as portions of the 
heating and plot infrastructure at TRACE. The warming system was 
repaired in July 2018 and resumed operation in September 2018 
(Tunison et al., 2024). To accommodate post–hurricane understory 
plant growth, the heaters were initially positioned 1–2 m above the 

G. Larocca Conte et al.                                                                                                                                                                                                                        Agricultural and Forest Meteorology 386 (2026) 111225 

3 



understory vegetation (Kimball et al., 2018), then raised to 2.5 m after 
the hurricanes, and subsequently elevated to a maximum height of 4 m 
beginning in July 2020. The remaining three plots, constructed identi
cally but left unwarmed, serve as ambient controls to assess treatment 

effects on soil and ecosystem responses (i.e., Control treatment). More 
details about IR–system operation and design are found in Kimball et al. 
(2018). Finally, soil GHG measurement campaigns were conducted 
during the summer campaigns of 2023 (June–August) and 2024 

Fig. 1. Location of the Tropical Responses to Altered Climate Experiment (TRACE) site. a) Map of Puerto Rico showing municipal boundaries in white; Luquillo 
municipality is highlighted in red. b) Zoom-in of Luquillo municipality with the TRACE site marked by a dark indigo point (18◦19′28.74″ N, 65◦43′50.09″ W). The 
basemap layers were created with shape files from the U.S. Census Bureau (https://www.census.gov/geographies/mapping-files/time-series/geo/tiger-line-file.html
). The dark indigo outline marks the Luquillo Experimental Forest (LEF) boundary, adapted from the Luquillo Critical Zone Observatory dataset (Gould et al., 2018). 
Elevation is displayed using a continuous white-to-green gradient, from low to high values, highlighting the lowland position of the TRACE subtropical forest site at 
122.07 m a.s.l., calculated with the elevatr package (Hollister et al., 2023).

Fig. 2. Soil temperature and moisture differences between Warming and Control treatments at the Tropical Responses to Altered Climate Experiment (TRACE) site, 
Puerto Rico, were largely influenced by seasonal and daily variation in air temperature and precipitation from January 2023 to July 2024. Soil measurements at 0–10 
cm depth, aggregated by sensor location within plots, were used to calculate differences in soil abiotic variables between treatments. Vertical grey bars in each panel 
indicate the days during which soil greenhouse gas (GHG) measurements were taken. a) Time series of soil temperature differences between Warming and Control 
plots (Soil ΔTWarming–Control; ◦C). Violet lines represent mean daily differences averaged by plot; shaded areas show the 95% confidence interval (CI). b) Time series of 
soil moisture differences between Warming and Control plots (Soil ΔVWCWarming–Control; VWC = volumetric water content). Yellow lines represent mean daily 
differences averaged by plot; shaded areas show the 95% CI. c) Daily precipitation (light blue bars) and mean ±1σ air temperature (line and shaded area). Pre
cipitation data were downloaded from the publicly available Sabana Tower station dataset (González et al., 2025). The horizontal dashed line at 0% and 0◦C in panels 
a) and b) separates positive from negative differences in soil moisture and temperature, respectively.
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(June–July), approximately four years after TRACE facility resumed 
operation and more than five years after the hurricane events.

Each IR–warmed plot is paired with a Control plot of similar topo
graphic position and slopes (Kimball et al., 2018; Reed et al., 2020; 
Tunison et al., 2024; Wood et al., 2025). Warmed plots are indepen
dently and continuously controlled to maintain an average soil tem
perature increase of approximately 4 ◦C relative to the average ambient 
temperature in control plots (Kimball et al., 2018). To assess treatment 
consistency and environmental variation, air temperature, soil temper
ature, soil moisture, and precipitation were continuously monitored 
during the study period.

Each plot was instrumented with Campbell CS655 soil moisture 
(Volumetric Water Content, VWC) and temperature (Soil Temperature, 
Soil T) probes (Campbell Scientific, Logan, Utah, USA) installed at the 
center, at the edge, and midway between these two locations. Each 
sensor recorded hourly measurements at different depth ranges (0–10, 
20–30, and 40–50 cm). All analyses in this study used soil temperature 
and moisture data measured within 10 cm depth by sensors located at all 
locations to account for overall soil abiotic conditions within each plot 
(see Sections 2.3 and 2.4). Data from the same sensors at deeper depths 
are available for download in the ESS-DIVE database (see Data Avail
ability section).

Soil temperature and moisture differences between treatments were 
monitored from January 2023 to July 2024. Soil temperature differ
ences between treatments aggregated by plots and day within the upper 
10 cm of soil resulted in a mean realized warming effect of 1.95◦C (95% 

CI = 1.10, 2.80◦C) (see also Section 2.4, Fig. 2, Table 1, Table SM1). 
Prior to Hurricane Irma and Maria events, the IR heaters maintained an 
averaged soil temperature increase of ~3.6◦C within the same soil depth 
range (Kimball et al., 2018). Following the hurricanes, tree trunks and 
large branches were removed from plots before reinitiating the warming 
experiment, whereas leaf litter and small woody debris (≤3 cm diam
eter) were left in place (Reed et al., 2020; Tunison et al., 2024). Since 
then, the realized soil warming effect declined to ~1◦C within the upper 
10 cm of soil (Reed et al., 2020; Tunison et al., 2024). To account for this 
discrepancy between target and achieved warming, all statistical ana
lyses (see Section 2.4 and Section 3) were based on realized soil tem
perature differences rather than the nominal treatment assignment of 
+4◦C (Kimball et al., 2018), consistent with previous TRACE studies that 
assess the interactive legacy effects of warming and hurricane recovery 
(Reed et al., 2020; Tunison et al., 2024).

Air temperature was measured in each plot using a HOBO MX23O1A 
temperature and relative humidity data logger (Onset Computer Cor
poration, Bourne, Massachusetts, USA), mounted at a height of 170–240 
cm above ground. Hourly precipitation data were obtained from a 
nearby weather tower at the Sabana Field Research Station and accessed 
as a public dataset (González et al., 2025).

2.3. Soil GHG measurements

Soil GHG flux measurements were taken during two discrete summer 
campaigns in 2023 and 2024. In summer 2023, data collection began on 
June 21, and measurements were taken intermittently until August 4, 
2023. The campaign resumed in 2024, with data collection occurring 
between June 19 and July 10. Soil GHG flux sampling occurred at 
irregular intervals, with gaps ranging from two to seven days between 
field sampling days across all plots. In total, the GHG measurement 
campaign produced a 21–day time series across the summers of 2023 
and 2024. The field campaign resulted in a total of 245 measurements of 
soil GHG fluxes (CH4 and CO2). All measurements were taken between 
9:00 am and 12:30 pm. Previous studies in tropical forests have shown 
that soil GHG fluxes exhibit minimal (de Gerenyu et al., 2011; Zhao 
et al., 2019) or no diurnal variability (Yang et al., 2017). Accordingly, 
flux measurements collected during the morning window (approxi
mately 08:00–12:00) can be used as proxies for daily mean soil respi
ration and CH4 effluxes. Although our measurements do not resolve full 
diurnal cycles, this sampling window provides a reasonable approxi
mation of mean daily soil GHG fluxes for the purposes of treatment 
comparisons.

Soil GHG fluxes were measured using two PVC collars per plot (12 
collars total): one located near the center, and one located in the middle 
portion of each plot. All collars were positioned near soil temperature 
and moisture sensors Campbell CS655. Additionally, collars were 
distributed avoiding obvious obstructions (e.g., trees, roots). Half of the 
collars were installed in 2016 (collars L7, M7, L8, M9, U8 and U7 in plot 
1–6, respectively) and the other half in 2022 (collars L6, M6, L9, M9, U9, 
U6 in plot 1–6, respectively) to capture spatial and temporal variability 
in soil respiration and CH4 fluxes under warming conditions. Once 
installed, collars were not moved or relocated. Measurements were 
conducted using a LI-COR 8200-01S Portable Smart Chamber coupled 
with a LI-COR LI-7810 CH4/CO2/H2O Trace Gas Analyzer (LI-COR, 
Lincoln, Nevada, USA). For each measurement, the Smart Chamber 
recorded GHG concentrations over a two-minute flux period, with each 
collar sampled once daily during the field campaign. The Smart Cham
ber also recorded relative humidity, instrument temperature, and 
pressure.

Soil GHG measurements were calculated on SoilFluxProTM v5.3 
Software (LI-COR, Lincoln, Nevada, USA). For each measurement, both 
linear and exponential models were applied to dilution-corrected gas 
concentrations, using automated slope cutoffs to optimize model fit 
based on R2 values.

Table 1 
Linear mixed-effects models for soil abiotic variables measured within 10 cm 
depth from January 2023 to July 2024. Separate models were fitted for soil 
temperature (a) and soil moisture (b), with Treatment (Warming vs. Control) as 
a fixed effect. Temporal and spatial dependencies were accounted for by 
including day and plot as random effects, capturing repeated measurements over 
time and across plots. Fixed effect estimates are reported with their standard 
error (SE), degrees of freedom (df), t-values (t), and p-values (p), and 95% 
confidence interval (95% CI). The asterisks denote levels of statistical signifi
cance: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). Random effects report the 
variance and standard deviation (1σ) of the intercepts across plots and/or days, 
reflecting the variability in baseline values not explained by the fixed effects. 
The residual variance and standard deviation represent within-group variability 
unexplained by the fixed or random effects (i.e., the remaining scatter around 
the fitted values).

Linear Mixed-Effects Models on Soil Abiotic Variables

a) Soil Temperature

Fixed 
effects

Parameter SE df t p 95% CI

Control 24.09 0.23 4.82 106.51 2.57E- 
09***

[25.31, 
24.68]

Warming 1.95 0.31 4 5.29 3.10E- 
03**

[1.10, 
2.80]

Random 
effects

Term Variance 1σ ​ ​

Time (day) Intercept 2.48 1.57 ​ ​ ​
Plot Intercept 0.14 0.37 ​ ​ ​

Residual - 1.87 1.37 ​ ​ ​

b) Soil Moisture (VWC)

Fixed 
effects

Parameter SE df t p 95% CI

Control 0.35 0.01 4.49 29.99 2.38E- 
06***

[0.32, 
0.38]

Warming -0.01 0.02 4.01 -0.62 0.57 [-0.05, 
0.03]

Random 
effects

Term Variance 1σ ​ ​

Time (day) Intercept 4.16E-03 0.06 ​ ​ ​
Plot Intercept 3.89E-04 0.02 ​ ​ ​

Residual - 2.56E-03 0.05 ​ ​ ​
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2.4. Data analysis

We developed a data analysis framework that integrates measure
ments of soil abiotic conditions (i.e., temperature and moisture within 
0–10 cm depth) and soil GHG fluxes to evaluate the response of soil 
respiration and methane emissions to experimental warming at the 
TRACE site. To observe treatment effects on soil moisture and temper
ature, we calculated daily differences in soil moisture (i.e., 
ΔVWCWarming-Control) and temperature (Soil ΔTWarming-Control) between 
warmed and control plot replicates from January 2023 to July 2024. To 
account for within–plot variability, particularly diurnal fluctuations, we 
simulated 10,000 daily treatment differences for both soil temperature 
and moisture using a Monte Carlo approach. These differences are 
plotted as daily means with associated 95% confidence intervals (CI) 
and were analyzed alongside daily air temperature and precipitation 
data to evaluate warming–induced drying effects in the IR–heated plots. 
Daily precipitation data were inspected before plotting to remove 
missing values (i.e., negative values recorded as -99), producing a total 
of 1775 hourly observations after cleaning from January 2023 to July 
2024. Monthly atmospheric and soil abiotic conditions are also reported 
using the same approach.

We used mixed–effect models as primary statistical framework to 
assess treatment effects on abiotic variables and soil GHG fluxes, 
incorporating random temporal and spatial effects to account for 
repeated measures, temporal (i.e., sampling day), and topographic 
variation (i.e., plot). For soil GHG fluxes, collar ID and installation date 
were included as an additional random effect to control for potential 
biases associated with finer spatial scales and collar deployment (Ma 
et al., 2023). We used Linear Mixed-Models (LMMs) to test for treatment 
effects on soil abiotic and GHG flux variables, with degrees of freedom 
and p-values estimated using Satterthwaite’s approximation. When the 
normality assumption of LMM residuals was violated, we employed 
Generalized Additive Mixed Models (GAMMs) with a Gaussian response, 
accounting for the same temporal, spatial, and collar artifact random 
effects using penalized regression splines. Smoothing parameters were 
estimated using Restricted Maximum Likelihood (REML) method, which 
evaluates the residual variation after accounting for fixed effects to 
provide unbiased estimates of random effect variances and improve the 
accuracy of model residuals. Model fits between LMMs and GAMMs 
were additionally evaluated using Akaike Information Criterion (AIC) 
and Bayesian Information Criterion (BIC).

Analysis on soil GHG fluxes were performed using discrete flux 
measurements collected during both field campaigns. To evaluate the 
robustness of treatment effects to flux calculation methods and quality 
control (QC) decisions, we conducted a sensitivity analysis comparing 
linear and exponential chamber flux fits across a range of R2 threshold 
cutoffs (0.70, 0.80, 0.85, 0.90, 0.92, and 0.95; Figs. SM2.1–SM2.3; Ta
bles SM2.1–SM2.3). Distributions of R2 values for both linear and 
exponential fits of soil CO2 and CH4 fluxes were skewed, with median 
values exceeding 0.97 across treatments (Fig. SM2.1; Table SM2.1). 
Control plots generally exhibited greater variability and a higher num
ber of outliers than Warming plots for both gases and fitting approaches, 
resulting in a larger fraction of observations removed under increasingly 
stringent R2 thresholds (Fig. SM2.2; Table SM2.2). Treatment effects on 
soil CO2 and CH4 fluxes were consistent across all R2 thresholds and did 
not differ between linear and exponential fitting approaches (Table 
SM2.3 and Table SM2.4). However, linear flux estimates yielded lower 
AIC values than exponential estimates across thresholds (Table SM2.3 
and SM2.4), indicating a statistically better fit at the mixed–model level. 
Despite this, we conservatively opted to use exponential flux estimates 
at an optimal QC threshold (R2 = 0.95 for soil CO2 efflux and R2 = 0.85 
for soil CH4 efflux) for several reasons. First, exponential models better 
represent gas diffusion gradients and account for non–linear concen
tration changes during chamber closure (Forbrich et al., 2010; Silva 
et al., 2015). Indeed, diagnostic comparisons revealed that linear fits 
tend to underestimate high positive CO2 and CH4 fluxes and 

overestimate negative CH4 fluxes (uptake) relative to exponential fits 
(Fig. SM2.3). Second, the selected R2 thresholds minimized AIC values 
among exponential models while limiting data loss to moderate QC 
levels in both LMMs and GAMMs (approximately 2–10% of observations 
removed for soil CO2 efflux and 4–28% for soil CH4 efflux, depending on 
treatment and campaign; Fig. SM2.2; Tables SM2.2–SM2.4). Together, 
these results demonstrate that treatment effects are robust to flux 
calculation and QC choices, and that the selected approach provides a 
conservative and physically grounded basis for inference. The total 
number of observations per treatment used in all further analyses are 
238 for soil CO2 and 204 for soil CH4 effluxes including all campaigns.

Next, we examined overall differences in soil GHG fluxes using violin 
plots stratified by treatment (Warming vs. Control), as well as by 
treatment and plot, including measurements for both summer cam
paigns (2023 and 2024). For soil CH4 efflux measurements, any discrete 
negative flux value, including those near 0, is treated as a net soil CH4 
sink signal, while any positive value is considered a net CH4 flux from 
soil to atmosphere (i.e., net CH4 emission). The percentage of negative 
soil CH4 fluxes, together with their 95% binomial confidence interval 
(CI), was used to estimate net soil CH4 sink efficiency between treatment 
and within plots. We then assessed temporal patterns in treatment ef
fects on soil CO2 and CH4 fluxes by analyzing measurements averaged by 
treatment and plots across sampling days. Mixed–effect models were 
also fitted to test the effect of treatments on soil CO2 and CH4 effluxes 
including their interaction with summer campaigns. This approach was 
used to explicitly evaluate whether treatment effects varied across 
summer campaigns while controlling for temporal and spatial structure, 
repeated measurements, and collar deployment biases. Furthermore, 
treatment effects were evaluated separately for each summer campaign 
to provide additional insight into potential temporal variability in 
treatment responses.

We examined whether variation in soil abiotic variables explained 
differences in soil GHG fluxes between treatments. To ensure temporal 
consistency, soil abiotic variables were matched to soil GHG flux mea
surements collected during the same measurement hours and dates, 
using the mean of sensor readings recorded at the start time of each 
chamber closure for each plot. First, we evaluated whether variation 
across soil GHG flux values between treatments corresponded to shifts in 
ΔTWarming-Control and ΔVWCWarming-Control. Then, we modeled soil CH4 
and CO2 effluxes measured at discrete times as functions of soil tem
perature and moisture. Because greenhouse gas emissions may respond 
linearly (Wan et al., 2007) or nonlinearly (e.g., 2nd order quadratic) 
(Carey et al., 2016; Zhao et al., 2019) to abiotic conditions, we applied 
both model types. Model selection was based on BIC and AIC values. For 
soil CO2 fluxes, an additional quadratic model was applied to ln–trans
formed efflux values following Carey et al. (2016) and compared with 
other model fits. After selecting the best–fitting models, we compared 
coefficients between treatments to assess differences in mechanistic re
sponses to soil temperature and moisture, following the approach of 
Carey et al. (2016). Finally, we evaluated the response of soil CH4 fluxes 
to soil CO2 effluxes to assess whether net CH4 uptake correlates posi
tively or negatively to soil respiration in both treatments.

All maps, data cleaning, and statistical analyses were conducted in 
RStudio (Posit team, 2025) using the following R packages: tidyverse 
(Wickham et al., 2019), ggpubr (Kassambara, 2023), viridisLite (Garnier 
et al., 2023), lubridate (Grolemund and Wickham, 2011), car (Fox and 
Weisberg, 2019), readxl (Wickham and Bryan, 2025), lmerTest 
(Kuznetsova et al., 2017), mgcv (Pedersen et al., 2019), scales (Wickham 
et al., 2023), writexl (Ooms, 2025), broom.mixed (Bolker and Robinson, 
2024), tigris (Walker, 2025), ggspatial (Dunnington, 2023), terra 
(Hijmans, 2025a), elevatr (Hollister et al., 2023), tidyterra 
(Hernangómez, 2023), sf (Pebesma, 2018), raster (Hijmans, 2025b), 
purrr (Wickham and Henry, 2025), and gridExtra (Auguie and Antonov, 
2017).
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3. Results

3.1. Soil and atmospheric abiotic variables

For the study period (January 2023 to July 2024), the realized 
experimental warming treatment within 0–10 cm depth resulted in a 
significant net increase in soil temperature of 1.95◦C (LMM 95% CI =
1.10–2.80◦C; p < 0.001; Table 1), while 0–10 cm depth soil moisture in 
warming plots was fairly similar to that in control plots (i.e., ~1% lower; 
LMM 95% CI = -5.46–3.48◦C; p = 0.57; Table 1; Fig. 2, Fig. SM1.1, Table 
SM1). Residual diagnostic indicated no violation of the normality 
assumption for LMMs in both soil temperature and moisture measured 
within 0–10 cm soil depth (Fig. SM1.3). Spatial heterogeneity had a 
minor contribution to treatment differences, as indicated by the lower 
variance and 1σ values for plot–level random effects compared to the 
residuals (Table 1; Fig. SM1.2). In contrast, temporal variability played a 
major role in shaping differences in soil abiotic conditions as shown in 
Fig. 2a-b and Table 1 (see also Fig. SM1.1 and Table SM1).

Daily and monthly variation in soil temperature and moisture within 
10 cm depth fluctuated between treatments, reflecting seasonal and 
short–term changes in atmospheric environmental drivers (Fig. 2; Fig. 
SM1.1; Table SM1). As shown in Fig. 2c, warmer and drier soil condi
tions were especially pronounced during the dry winter months 
(January to March), when air temperature and precipitation were lower 
compared to other months of 2023 and 2024 (i.e., around 22◦C and 
lower than 30 mm/day, respectively). For example, in March 2023, soil 
temperature in the warmed plots was on average 3.57 ◦C higher, and soil 
moisture was 4.78% lower than in control plots (Fig. 2; Fig. SM1.1; 
Table SM1). Similar patterns were observed in March 2024, with dif
ferences of 2.37 ◦C and 0.37 % for soil temperature and soil moisture, 
respectively (Fig. 2, Fig. SM1.1, and Table SM1). As air temperature and 
precipitation increased toward the wet season in both years, mean air 
temperatures rose to ~27 ◦C, while precipitation was more variable, 
ranging from 7 mm/month (July 2024) to 465.5 mm/month (April 
2023; Fig. 2, Fig. SM1.1, Table SM1). These patterns were especially 
evident during the soil gas efflux campaigns (June–August 2023 and 
June–July 2024), when treatment differences in soil temperature and 
moisture became more variable and at times approached zero (Fig. 2, 
Fig. SM1.1, Table SM1).

3.2. Soil greenhouse gases measurements

3.2.1. Soil CO2 efflux
Soil CO2 effluxes in the Control and Warming treatment plots 

averaged 2.33 ± 0.10 (mean ± 1σ; n = 119) and 3.62 ± 1.33 μmol m− 2 

s− 1 (mean ± 1σ; n = 119), respectively, when combining measurements 
from the June–August 2023 and June–July 2024 campaigns (Table 2). 
Overall, the density distributions of soil CO2 effluxes aggregated by 
summer campaigns shown in Fig. 3a were skewed for both treatments, 
with Control plots displaying a multimodal distribution.

Comparison between LMMs and GAMMs indicated that GAMMs 
better captured treatment effects and the observed distributional shapes. 
Specifically, LMM residuals violated the normality assumption (Fig. 
SM3.1a), whereas GAMMs yielded lower information criteria values 
(AICLMM = 714.40, AICGAMM = 692.98; BICLMM = 738.71, BICGAMM =

732.84; Table SM3.1). The Warming treatment on soil CO2 effluxes 
including for both summer campaigns was significantly higher by 1.30 
μmol m− 2 s− 1 (GAMM 95% CI = 0.14, 2.46 μmol m− 2 s− 1; Table 3a), 
which corresponded to a significant, net 56.44% increase in soil respi
ration (95% CI = 6.25, 106.23%; Table 3a).

Among random effects, variation among plots significantly influ
enced soil CO2 efflux distributions across both treatments when 
combining summer campaigns (F = 37.90, p < 0.001; Table 3a). In 
contrast, no significant contribution to treatment differences was 
detected for day collar installation date (p > 0.05; Table 3a). Similarly, 
there are no random effects on treatment differences by collar ID (F ~ 0; 
p > 0.05; Table 3a). Indeed, soil CO2 effluxes measured from collars 
within the same plots yielded similar central tendency values across 
both summer campaigns (Fig. SM3.2a–b and Table SM3.2). As illus
trated in Fig. 3b and Table 2, soil CO2 effluxes aggregated across both 
summer campaigns exhibited similar mean and median values among 
Warming plots, although plots 2 and 4 showed the greatest variability in 
flux measurements. Conversely, Control plots displayed variable degrees 
of skewness and differences in central tendency, with plot 1 exhibiting 
the highest mean and median values and plot 5 the lowest across the 
June–August 2023 and June–July 2024 campaigns (Fig. 3b; Table 2).

3.2.2. Soil CH4 efflux
During the summer campaigns June–August 2023 and June–July 

2024 campaigns at the TRACE site, mean soil CH4 fluxes in Control and 
Warming plots were -0.31 ± 0.49 (mean ± 1σ; n = 88) and -0.41 ± 0.36 
ηmol m− 2 s− 1 (mean ± 1σ; n = 116), respectively (Table 2; Fig. 3c). 
Similarly to soil CO2 flux measurements, soil CH4 effluxes in both 
treatments had skewed distributions when including values for all 
summer campaigns, with fluxes in Control treatment showing a bimodal 
distribution as displayed in Fig. 3c. Negative soil CH4 effluxes, indicative 
of net soil CH4 uptake, differed in proportion between treatments, ac
counting for 87.50 % (95% CI = 78.99, 92.87%) of observations in 

Table 2 
Summary statistics of soil CO2 and CH4 effluxes measured during 2023 and 2024 field campaigns under Control and Warming treatments. The table reports summary 
statistics grouped by treatment, and by treatment and plots. Each grouping reports treatment type, plot (if applicable), number of measurements (n), and central 
tendency values for each soil greenhouse gas (mean ± 1σ and median). For soil CH4 effluxes, net uptake proportion (%), defined as the percent value of n flux values 
<0 relative to total n (Uptake %, (Mean, 95% CI)) is reported to emphasize CH4 sink behaviors across treatments and plots.

Summary by Treatment (Summer campaigns June-August 2023 and June-July 2024)

Treatment Soil CO2 efflux Soil CH4 efflux

n Mean ± 1σ Median n Mean ± 1σ Median Uptake % (Mean, 95% CI)

Control 119 2.33 ± 0.10 2.28 88 -0.31 ± 0.49 -0.24 87.50 [78.99, 92.87]
Warming 119 3.62 ± 1.33 3.22 116 -0.41 ± 0.36 -0.41 98.28 [93.93, 99.53]

Summary by Treatment and Plot (Summer campaigns June-August 2023 and June-July 2024)

Treatment Plot Soil CO2 efflux Soil CH4 efflux

n Mean ± 1σ Median n Mean ± 1σ Median Uptake % (Mean, 95% CI)

Control 1 42 3.10 ± 0.63 3.07 40 -0.62 ± 0.42 -0.68 97.50 [87.12, 99.56]
Control 3 39 2.25 ± 0.64 2.09 33 -0.14 ± 0.16 -0.14 93.94 [80.39, 98.32]
Control 5 38 1.58 ± 1.03 1.20 15 0.17 ± 0.58 0.06 46.67 [24.81, 69.88]

Warming 2 41 3.97 ± 1.40 3.82 39 -0.48 ± 0.23 -0.52 100.00 [91.03, 100]
Warming 4 40 4.02 ± 1.45 3.46 40 -0.53 ± 0.26 -0.46 100.00 [91.24, 100]
Warming 6 38 2.83 ± 0.57 2.67 37 -0.22 ± 0.47 -0.27 94.59 [82.30, 95.50]
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Control and 98.28 % (95% CI = 93.93, 99.53%) in Warming plots across 
both summer campaigns (Fig. 3c and Table 2).

Model selection criteria for mixed–effect models of treatment effects 
on soil CH4 effluxes across both summer campaigns yielded contrasting 
results, with BIC values favoring LMM model over the GAMM one 
(BICLMM = 193.43, BICGAMM = 222.64; Table SM3.1), whereas AIC 
supported GAMM as the better–fitting model (AICLMM = 170.21, AIC
GAMM = 135.31; Table SM3.1). This discrepancy likely reflects differ
ences in model complexity, as GAMMs used a higher effective number of 
degrees of freedom (dfLMM = 7, dfGAMM = 26.32; Table SM3.1) and are 
therefore more strongly penalized by BIC. Additionally, the LMM re
siduals violated normality assumptions (Fig. SM3.1). Consequently, 
GAMMs were retained as a parsimonious framework to test treatment 
effects on soil CH4 effluxes while accounting for temporal, spatial, and 
collar artifact–related random effects.

The GAMM estimated a -0.22 ηmol m− 2 s− 1 contrast between in soil 
CH4 fluxes under Warming treatment relative to Control plots across 
both summer campaigns (95% CI = -0.73, 0.29 ηmol m− 2 s− 1, Table 3b). 

This corresponded to an estimated 114.09% change relative to Control 
treatment (95% CI, -150.07, 378.24%, Table 3b), although the warming 
effect was not statistically significant (p = 0.40; Table 3b). When ac
counting for spatial random effects, variability in CH4 fluxes was driven 
primarily by plots (F = 42.28; p < 0.001; Table 3b) rather than among 
collars (F = 0.53; p = 0.18; Table 3b, Fig. SM3.2, Table SM3.2). As 
illustrated in Fig. 3d and Table 2, no positive CH4 fluxes were observed 
in the warmed plots 2 and 4 during both summer campaigns, which 
displayed similar skewed distributions and central tendency values. In 
contrast, the IR–warmed plot 6 showed slightly higher fluxes (Fig. 3d 
and Table 2), with a small number of positive efflux outliers reducing net 
soil CH4 uptake from 100% to on average 94.59% (95% CI = 82.30, 
95.50%; Fig. 3c–d; Table 2). Control plots exhibited different skewed 
shapes, with central tendency increasing and net CH4 uptake decreasing 
from plot 1 to 5 (Fig. 3d and Table 2). In addition to spatial effects, 
sampling day (date) explained significant variation in soil CH4 dynamics 
across both summer campaigns independent of treatment effects (F =
3.00; p < 0.001; Table 3b). No unexplained variation attributed to collar 

Fig. 3. Warming had a statistically significant effect on soil respiration, but not for soil CH4 effluxes, where variation was largely driven by between-plot differences. 
Panels a) and b) show violin plots of soil CO2 efflux grouped by treatments (panel a) and by treatment and plot (panel b). Panels c) and d) show violin plots of soil 
CH4 effluxes grouped similarly to panels a) and b), respectively. Horizontal solid lines indicate median values, while grey points are discrete soil greenhouse gas 
(GHG) measurements used to build the violins. Distributions are color-coded by treatment: light blue for Control and red for Warming. The dashed line at 0 ηmol m− 2 

s− 1 in panels c) and d) marks the transition from negative to positive CH4 fluxes, distinguishing between methane uptake (sink) and emission (source). Each dis
tribution reports the sample size (n) used to generate the violin shapes.
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installation dates was detected (i.e., 2016 and 2022; F ~ 0; p = 0.18; 
Table 3).

3.3. Soil greenhouse gases response to soil temperature and moisture

The GAMMs for soil CO2 and CH4 effluxes, including summer cam
paigns as a fixed effect and its interaction with Treatment, revealed that 
such interactions were statistically significant only for soil respiration (p 
< 0.001; Table SM3.3a), while soil CH4 efflux variation was driven by 
temporal variability across days irrespective of treatment differences (p 
< 0.001; Table SM3.3b, see also Table 3b). Temporal patterns of soil CO2 
and CH4 fluxes displayed in Fig. 4a-b and Table 3, averaged by treat
ments and dates, showed either directional shifts in soil GHG flux values 
between treatments or substantial variation across sampling days irre
spective of warming effects (see also Tables SM3.3, SM3.4, SM4). The 
GAMM restricted to the 2023 summer campaign produced results 
consistent with the full models (Table 3) that included data from all 
summer campaigns; this resulted in 68.82 % (95% CI = 7.49, 130.15%) 
shift in soil CO2 effluxes and a -203.57 % (95% CI = -684.59, 245.45%) 
change in soil CH4 efflux values under Warming treatment, but direc
tional shifts due to warming were statistically significant only for soil 
respiration (p < 0.05 and p > 0.05, respectively; Tables 3, SM3.3, 
SM3.4). However, treatment differences were not significant during 
June–July 2024 (p > 0.05; Table SM3.5), indicating that measurements 
taken during the 2023 summer campaign primarily drive the observed 
treatment effects on soil respiration when integrating flux values from 

both summer campaigns (Table 3). As seen in Fig. 4b, soil CH4 values 
averaged by treatment and dates in the Warming plots often run parallel 
to, and closely follow, those of the Control plots; yet notable and vari
able negative offsets in the Warming treatment are evident between July 
7 and July 24, 2023 (see also Table SM4). The GAMMs models for in
dividual years indicate no substantial treatment effect on soil CH4 ef
fluxes, but variation was sensitive to plot and days (Table SM3.4b and 
SM3.5b). This variability across sampling days in fluxes and the offset 
between treatments, when present (Fig. 4a-b; Table SM4), mirrored 
temporal variation in soil moisture and temperature differences within 
10 cm between treatments calculated during the same temporal window 
and dates of soil GHG fluxes as shown in Fig. 4c–d (see also Table SM4). 
Together, this suggests a potential control of soil moisture and temper
ature on soil GHG fluxes in both treatments.

Fig. 5 shows that the relationships between soil GHG fluxes and 
abiotic variables within 0–10 cm depth, aggregated by sensor location 
within each plot and matched by soil GHG measurement hour, differ by 
gas type and treatment. Responses of soil GHG measurements to soil 
abiotic variables were evaluated using models fitted without random 
effects (Fig. 5, Supplementary Materials SM5). Among linear and 
quadratic models tested to describe the response of soil respiration to 
abiotic variables, the quadratic model using ln–transformed CO2 fluxes 
and soil moisture (VWC, volumetric water content) performed best (AIC 
= 82.68 and BIC = 102.02 for ln (CO2 efflux) ~ β0 × β1 VWC + β2 ×

VWC2 × Treatment; Fig. 5a, Table 4a, and Table SM5). Similarly, the 
quadratic model using ln–transformed CO2 fluxes and soil temperature 
outperformed other linear and quadratic alternatives (AIC = 79.63 and 
BIC = 99.26 for ln (CO2 efflux) ~ β0 × β1 Temperature + β2 × Tem
perature2 × Treatment; Fig. 5b, Table 4b, and Table SM5.2).

Ln–transformed soil CO2 effluxes shown in Fig. 5a exhibited a sig
nificant, negative quadratic relationship with volumetric water content 
(VWC) in both treatments, though the model explained little variance 
under both Control (R2 = 0.13, p < 0.05; Table 4a) and Warming 
treatment (R2 = 0.11, p < 0.05; Table 4a). The Intercept coefficients (β0) 
in the warmed plots were significantly higher than those in the Control 
treatment (p < 0.001; Fig. 5a, Table 4a, Table SM5.1), whereas the linear 
and quadratic terms (β1 and β2) did not significantly vary (p > 0.05; 
Fig. 5a, Table 4a, Table SM5.1).

By contrast, ln–transformed CO2 fluxes showed a weak, positive, 
quadratic response to temperature in the Control treatment (R2 = 0.20, p 
= 0.001), while the relationship under Warming was significantly 
weaker, negative, and non-significant (R2 = 0.08, p = 0.08; Fig. 5b). As 
illustrated in Fig. 5b and Table 4b, the intercept (β0) in Warming plots 
was lower but not statistically different from that in the Control treat
ment (p > 0.05), while both linear and quadratic slopes (β1 and β2) were 
significantly lower in Warming relative to Control treatment (p < 0.01 
and p < 0.05, respectively; see also Table SM5.2).

In contrast to CO2 fluxes, linear models shown in Fig. 5c-d best 
described the response of soil CH4 efflux to abiotic conditions. The linear 
model using soil moisture (VWC) outperformed the quadratic version 
(AIC = 92.66 and BIC = 106.02 for CH4 efflux ~ β0 × β1 VWC ×
Treatment; Table SM5.3), and the same held for soil temperature (AIC =
118.20 and BIC = 131.79 for CH4 efflux ~ β0 × β1 Temperature ×
Treatment; Table SM5.4). For soil moisture, both Control and Warming 
treatments had a weak, significant positive relationship with soil CH4 
effluxes as illustrated in Fig. 5c and Table 4c (R2 = 0.27 and p < 0.001 in 
Control treatment, and R2 = 0.28 and p < 0.001 in Warming treatment). 
The regression lines were nearly parallel, with intercepts (β0) that 
differed significantly between treatments (p < 0.001; Table SM5.3), but 
not slope coefficients (β1; p > 0.05; Table SM5.3).

While soil CH4 effluxes responded similarly to varying soil moisture 
levels between Control and warmed plots, soil CH4 dynamics showed 
different sensitivities to soil temperature between treatments. As shown 
in Fig. 5d and Table 4d, CH4 effluxes in Control plots declined with 
increasing soil temperature, yielding weak, significant negative corre
lation (R2 = 0.18, p < 0.01; see also Table SM5.4). However, in Warming 

Table 3 
Generalized additive mixed-effects models (GAMMs) for soil CO2 and CH4 efflux 
measured in June–August 2023 and June–July 2024. Separate models were 
fitted for soil respiration (a) and soil CH4 efflux (b), with Treatment (Warming 
vs. Control) as a fixed effect. Temporal, spatial, and collar artifacts dependencies 
were accounted for by including day, plot, collar ID, and collar installation age 
as random effects. Fixed effect estimates are reported with their standard error 
(SE), t-values (t), and p-values (p). Random effects report the estimated degrees 
of freedom (Estimated df), reference degrees of freedom (Reference df), F-values 
(F), and p-values (p) of variability in baseline intercept values across groups not 
explained by fixed effects. The Estimated df reflects how much the random in
tercepts are allowed to vary across groups, whereas the Reference df is the 
nominal number of degrees of freedom used to test significance of the random 
effects. The F- and p-values test whether the random intercepts explain signifi
cant variability in baseline fluxes not captured by fixed effects. The asterisks 
denote levels of statistical significance: p < 0.05 (*), p < 0.01 (**), and p < 0.001 
(***).

GAMM: Soil Flux ~ Treatment + s(Time(Day)) + s(Plot) + s(Collar ID) + s(Collar age)

a) Soil CO2 Efflux

Fixed effects Parameter SE t p

Control 2.31 0.42 5.52 9.06E-08***
Warming vs. Control 1.30 0.59 2.20 0.03*
Random effects Estimated 

df
Reference 
df

F p

s(Date) 3.09E-03 20 1.52E- 
04

0.48

s(Plot) 3.54 4 37.90 1.74E-06***
s(Collar installation 

date)
3.77E-05 1 1.83E- 

06
0.83

s(Collar ID) 3.68 10 1.37 0.19
b) Soil CH4 Efflux

Fixed effects Parameter SE t p
Control -0.19 0.19 -1.03 0.31
Warming vs. Control -0.22 0.26 -0.85 0.40
Random effects Estimated 

df
Reference 
df

F p

s(Date) 14.25 20 3.00 2.40E-06***
s(Plot) 3.80 4 42.28 < 2.16E- 

16***
s(Collar installation 

date)
6.25E-05 1 2.20E- 

06
0.85

s(Collar ID) 2.22 10 0.53 0.18
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Fig. 4. Soil CO2 and CH4 effluxes varied in response to altered abiotic conditions, including increased temperature and reduced moisture under the Warming 
treatment. a) Time series of soil CO2 effluxes averaged by treatment and date (total nControl = 60, and nWarming = 57) across measurement days for summer campaigns 
Jun–Aug 2023 and Jun–July 2024. b) Time series of net soil CH4 effluxes (total nControl = 60, total nWarming = 62) averaged by treatment and date across measurement 
days for summer campaigns Jun–Aug 2023 and Jun–July 2024. The dashed black line marks the transition from negative to positive CH4 fluxes; c) Differences in 
volumetric water content (i.e., soil moisture; yellow circles) between Warming and Control plots (ΔVWCWarming-Control; total nControl = 51, total nWarming = 56). d) 
Differences in soil temperature (violet circles) between Warming and Control plots (ΔTWarming-Control; total nControl = 51, total nWarming = 61). Soil moisture and 
temperature measurements used to calculate differences were collected at 0–10 cm depth, aggregated by sensor location within each plot, and matched to the 
temporal window of soil greenhouse gas (GHG) measurements (9:00 am–12:30 pm) on the same days, and averaged by date. Error bars represent one standard 
deviation (±1σ) in panels a) and b), and 95% confidence intervals (CI) in panels c) and d). Soil GHG values are color- and shape-coded by treatments in panels a) and 
b): light blue circles for Control and red squares for Warming treatment. The horizontal dashed line at 0% and 0◦C in panels c) and d) separates positive from 
negative differences in soil moisture and temperature, respectively.
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treatment, CH4 effluxes showed no significant relationship with soil 
temperature (R2 = 0.02, p = 0.29; Fig. 5d, Table 4d, and Table SM5.4). 
In this case, intercepts and slopes differed significantly between treat
ments (p < 0.001; Fig. 5d, Table 4d, and Table SM5.4).

3.4. Soil CH4 relationship with soil respiration in control and warming 
treatments

Fig. 6 and Table 5 shows that soil CH4 fluxes were negatively 
correlated with soil respiration rates in both treatments (R2 = 0.25 and 
0.28; p < 0.001 for Control and Warming treatments, respectively). 
While showing similar overall trends, both intercept and slope co
efficients differed in magnitude between the two treatments (Fig. 6 and 
Table 5). An interaction model confirmed that the slope coefficients (β1) 
differed significantly between treatments (p < 0.05; Table SM6), 
whereas the intercept (β0) difference was not statistically significant (p <

0.001; Table SM6).

4. Discussion

4.1. Weak warming manipulation effects still shaped soil GHG responses

Infrared–heated plots were consistently warmer and marginally drier 
than controls (Fig. 2, Fig. SM1.1, Table 1, Table SM1.1), with the 
magnitude of soil warming (~1.95◦C) substantially lower than the 
surface warming experimental target (4◦C; Kimball et al., 2018), 
consistent with expected attenuation down the soil profile. Soil moisture 
was more variable in the warmed plots than in the Control treatment, 
with values reaching volumetric water content (VWC) as low as ~17% 
in the Warming treatment in March 2023 (Fig. SM1.1b, Table SM1.1). 
However, mean soil moisture across both 2023 and 2024 campaigns did 
not differ significantly between treatments across the study period 

Fig. 5. Soil CO2 and CH4 effluxes often exhibited distinct responses to soil moisture and temperature under Control and Warming treatments. Panels a) and b) depict 
the quadratic response of discrete, ln-transformed CO2 efflux to soil moisture and temperature, respectively. Panels c) and d) show the linear response of discrete soil 
CH4 efflux to soil moisture and temperature, respectively. The black dashed line in panels c) and d) marks the transition from negative to positive CH4 fluxes, 
distinguishing between methane uptake (sink) and emission (source). Soil moisture and temperature measurements were collected at 0–10 cm depth, aggregated by 
sensor location within each plot, and matched to the same measurement hours as the soil greenhouse gas (GHG) fluxes. Data points are shape- and color-coded: light 
blue circles for Control and red squares for Warming treatment. Model fits are shown as dashed lines with shaded areas representing standard error. The sample size 
(n), coefficient of determination (R2), and p-value (p) describing the relationships between soil GHG effluxes and soil abiotic variables for each treatment 
are reported.
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(Fig. 2b, Fig. SM1.1b, Table 1b, Table SM1.1). The fact that the warming 
effect on manipulated plots did not result in the expected warmer and 
drier soil conditions is best explained by several potential mechanisms: 
(i) the accumulation of surface litterfall intercepted radiative heat before 
it could reach the soil, buffering the warming effect (Reed et al., 2020); 
(ii) warming manipulation system malfunctioning, noticeable during 
periods of negligible differences in soil temperature and moisture be
tween treatments (i.e., Soil ΔTWarming-Control and ΔVWCWarming-Control 
close or equal to 0; Fig. 2a–b, Fig. 4c–d; Fig. SM1.1, Table SM1.1, Table 
SM4); (iii) intense rainfall events increased soil moisture, enhancing 
latent heat dissipation and thereby lowering soil temperature (Wan 
et al., 2007), and/or increasing the specific heat of soils due to elevated 
VWC. All such potential mechanisms highlight the challenge of 
achieving consistent warming in tropical open–air field systems.

The compensatory effect of multiple mechanisms constraining the 
realized warming were evaluated by modelling the soil thermal con
ductivity (λ; Supplementary Material SM1.2, Fig. SM1.4), which in
tegrates soil physical properties and conductive heat fluxes (Campbell, 
1985; Xiong et al., 2023). Given the marginal differences in soil moisture 
between treatments (Fig. 2a-b, Fig. 4c-d; Fig. SM1.1, Table SM1.1, Table 
SM4), we expected soil thermal properties in warmed plots to dissipate 
heat similarly to those in Control soils. Assuming a soil clay content of 
44% and a bulk density value of 0.50 g cm− 3 following a survey at 
TRACE conducted in the horizon A1 (2–18 cm depth) near experimental 
plots in 2019, we observed only subtle differences in thermal conduc
tivity between treatments (i.e., ΔλWarming-Control) ranging from ~-2 to 
~1.5% during the study period (i.e., January 2023–July 2024; Fig. 
SM1.4b), including during soil GHG sampling campaigns (Supplemen
tary Materials SM1.2). Together, these results indicate the combining, 
interactive effects of rainfall events, surface litter accumulation, and 
occasional infrared heating system limitations constrained effective heat 
transfer from IR–radiators to soils, resulting in similar soil thermal 
conductivity values between treatments and limiting the realization of 
the intended warming signal (i.e., warmer and drier soils relative to 

controls).
With respect to surface litterfall and potential artifacts associated 

with the IR heating system, warming effects were strongly modulated by 
precipitation regimes during the soil GHG measurement campaigns of 
2023 and 2024 (Fig. 2, Fig. SM1.1, Table 1, Table SM1). During June
–August 2023, persistent daily rainfall ranging from weak to heavy (up 
to ~50 mm day⁻¹) resulted in smaller differences in soil temperature and 
moisture between treatments (Fig. 2, Fig. SM1.1, Table 1, Table SM1.1). 
In contrast, precipitation approached 0 mm day⁻¹ during the June–July 
2024 campaign, leading to warmer and marginally drier soil conditions 
in the warming treatment relative to ambient plots (Fig. 2, Fig. SM1.1, 
Table 1, Table SM1.1). These shifts in soil temperature and moisture 
were sufficient to alter soil GHG fluxes between treatments during 
different field campaigns (Fig. 4, Fig. 5, Supplementary Materials SM4, 
SM5), underscoring the sensitivity of tropical soils to relatively small 
abiotic perturbations.

Table 4 
Model coefficients describing soil greenhouse gas responses to volumetric water 
content (VWC) and temperature within 10 cm depth under Control and Warming 
treatments. a) and b) report intercepts (β0), linear slopes (β1), and quadratic 
terms (β2), with their standard error (SE), for the ln-transformed soil CO2 efflux 
response to soil moisture and temperature, respectively. c) and d) show in
tercepts (β0), linear slopes (β1) with SE for the soil CH4 efflux response to soil 
moisture and temperature, respectively. The table includes coefficient of 
determination (R2) and p-value (p) of model fits. The asterisks denote levels of 
statistical significance: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

a) Parameters for ln (Soil CO2 Efflux) ~ β0 þ β1 ⨯ VWC þ β2 ⨯ VWC2

Treatment β0 ± SE β1 ± SE β2 ± SE R2 p

Control 0.77 ±
0.05

-1.14 ±
0.39

0.08 ±
0.39

0.13 0.02*

Warming 1.26 ±
0.03

-0.53 ±
0.25

0.40 ±
0.25

0.11 0.04*

b) Parameters for ln (Soil CO2 Efflux) ~ β0 þ β1 ⨯ T þ β2 ⨯ T2

Treatment β0 ± SE β1 ± SE β2 ± SE R2 p
Control 0.77 ±

0.49
1.24 ±
0.38

0.74 ±
0.38

0.20 0.001**

Warming 1.28 ±
0.03

-0.59 ±
0.27

-0.11 ±
0.27

0.08 0.08

c) Parameters for Soil CH4 Efflux ~ β0 þ β1 ⨯ VWC
Treatment β0 ± SE β1 ± SE R2 p
Control -1.84 ±

0.38
4.89 ±
1.16

0.27 1.05E- 
04***

Warming -1.49 ±
0.24

3.28 ±
0.71

0.28 2.66E- 
05***

d) Parameters for Soil CH4 Efflux ~ β0 þ β1 ⨯ T
Treatment β0 ± SE β1 ± SE R2 p
Control 12.03 ±

3.69
-0.47 ±
0.14

0.18 0.002**

Warming -1.53 ±
1.05

0.04 ±
0.04

0.02 0.29

Fig. 6. Uptake of methane (sink) is enhanced with increasing respiration values 
in both Control (light blue circles) and Warming (red squares) treatments. Soil 
greenhouse gas (GHG) fluxes were aggregated by measurement hours and dates 
within each treatment. Dashed lines with shaded ribbons indicate the linear 
correlations and the standard errors between soil CH4 and CO2 effluxes, color- 
coded by treatment. Note the differences in intercepts and slopes between 
treatments. The black, horizontal, dashed line separates negative from positive 
CH4 flux values, distinguishing between methane uptake (sink) and emission 
(source), respectively. The sample size (n), coefficient of determination (R2), 
and p-value (p) describing the relationships between soil GHG effluxes for each 
treatment are reported.

Table 5 
Linear model coefficients for soil CH4 vs CO2 efflux in Control and Warming 
treatments aggregated by measurement hours and dates. The table shows 
intercept (β0), slope (β1), coefficient of determination (R2) and p-value (p). In
tercepts and slope are reported with their standard error (SE). The asterisks 
denote levels of statistical significance: p < 0.05 (*), p < 0.01 (**), and p < 0.001 
(***).

Parameters for Soil CH4 Efflux ~ Soil CO2 Efflux

Treatment β0 ± se β1 ± se R2 p

Control 0.65 ± 0.23 -0.36 ± 0.08 0.25 1.00E-04***
Warming 0.23 ± 0.03 -0.03 ± 0.02 0.30 2.97E-06***
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4.2. Warming manipulation experiment did not alter soil CH4 uptake 
buffering capacity against soil CH4 emissions

Contrary to expectations, the manipulation experiment did not pro
duce consistent treatment differences in soil GHG fluxes across the 
summer campaigns (Fig. 3, Table 2, and Table 3). Instead, the warming 
response varied among gases and across years, indicating that treatment 
effects were modulated by interannual differences in hydroclimatic 
conditions. In particular, the contrasting precipitation regimes of sum
mer field campaigns 2023 and 2024, characterized by wetter conditions 
during the summer months in 2023 and a pronounced drought during 
the summer field campaign 2024 (Fig. 2, Table SM1), likely mediated 
the effects of the realized soil warming, soil moisture, and potentially 
nutrient availability during post–hurricane recovery, modulating the 
response of soil GHG fluxes. Alternatively, the lack of treatment effect on 
soil CH4 fluxes, and on soil respiration during the summer campaign 
2024, could be an artifact effect due to long–term collar deployment.

Soil GHG fluxes at TRACE have declined over time (Wood et al., 
2025; this study), suggesting that experimental artifacts, particularly the 
long–term use of the same collars, could be contributing to this trend. 
Such a decline could provide another alternative explanation for why 
treatment differences in soil respiration rates were low in 2024 and no 
effect of warming was observed on soil CH4 fluxes (GAMMs p > 0.05; 
Fig. 3, Fig. 4, Table 2, Table 3, Table SM3.3, Table SM3.4, and Table 
SM3.5). Collar effects are known to result in an underestimate of soil 
GHG fluxes by severing roots and mycorrhizae and altering soil physi
cochemical properties, thereby affecting heterotrophic activity and soil 
gas exchange (Ma et al., 2023). Although collar installation date, 
modeled as a random effect, did not account for a significant proportion 
of variance in soil GHG fluxes (GAMMs p > 0.05; Table 3, Table SM3.3, 
Table SM3.4, and Table SM3.5), we acknowledge the possibility that 
collar artifacts have reduced the magnitude of soil GHG fluxes since 
collars were installed in 2016 and 2022. For example, Wood et al. (2025)
reported mean diurnal soil respiration rates as high as ~20 and ~30 
μmol m− 2 s− 1 for Control and Warming treatments, respectively, after 
one year (2016–2017) of experimental warming during the summer 
months at the TRACE site, values roughly an order of magnitude higher 
than those recorded during our 2023 and 2024 summer field campaigns 
(Fig. 3a–b, Fig. 4a). Net soil CH4 fluxes may have undergone a similar 
decline, considering that soil methane flux dynamic is tied to soil 
respiration (Fig. 6, Table SM6), but the lack of continuous CH4 mea
surements prevents us from quantifying this change over time. While 
collar artifacts may have reduced the absolute magnitude of fluxes in 
both treatments, they should not eliminate directional treatment effects 
if such effects are present. Indeed, the realized warming at TRACE 
significantly increased soil respiration rates by ~1.30 – ~1.55 μmol m− 2 

s− 1 relative to control plots, at least during June–August 2023 (GAMMs 
p = 0.03; Fig. 3a–b, Fig. 4a, Table 2, Table 3a, Table SM3.4a), suggesting 
that the observed directional shifts most likely reflect genuine biogeo
chemical responses that have been attenuated by long–term collar ef
fects. Thus, collar artifacts alone cannot explain the pronounced 
warming response in soil respiration observed during summer months in 
2023, nor the lack of significant directional warming effects on net soil 
CH4 uptake during the summer campaigns 2023 and 2024.

Warming could have improved aeration by slightly enhancing soil 
drying and raising temperatures. In Oxisols like those at TRACE 
(Beinroth et al., 2003; Muñoz et al., 2018), such changes are expected to 
increase oxygenation in surface layers where methanotrophs are most 
active (Nazaries et al., 2013; Wanyama et al., 2019; Zhao et al., 2019). 
Indeed, in control plots, drier and warmer conditions increased both soil 
respiration and CH4 uptake (Fig. 5, Table 4, Supplementary Material 5). 
However, in warmed plots, soil GHG fluxes showed often a weaker 
dependence on abiotic drivers. Soil respiration, for example, became 
decoupled from measurement of moisture, and CO2 fluxes mildly 
decrease above ~26.5◦C (p < 0.05; Fig. 5a–b, Table 4, Table 
SM5.1–5.2). Similarly, net CH4 uptake in warmed soils was higher than 

in controls but remained relatively stable across the upper temperature 
range (p < 0.05; Fig. 5d, Table 4, Table SM5.4). Importantly, soil CH4 
fluxes were also linearly related to soil moisture (p < 0.001; Fig. 5c, 
Table 4, Table SM5.3), consistent with prior studies showing that 
moisture is a dominant abiotic control of methane exchange (Nazaries 
et al., 2013; O’Connell et al., 2018; Wanyama et al., 2019; Zhao et al., 
2019). Warming increased net soil CH4 uptake from ~87.50 to ~98.28 
% when including both summer campaigns (Table 3), which also 
improved the correlation with soil moisture (R2

Control = 0.12, R2
Warming =

0.24; Fig. 5c, Table 4c). However, neither the increase in net soil CH4 
uptake and nor marginally drier soil conditions under the realized 
warming were statistically significant (Fig. 2, Fig. 3, Table 1, Table 2, 
Table 3b), and sensitivity of soil CH4 effluxes to soil moisture were 
statistically undistinguishable between Warming and Control plots 
(Fig. 5c, Table 4c, Table SM5.3). Furthermore, soil moisture differences 
remained relatively similar between treatments (Fig. 4) even during 
days when net CH4 uptake was stronger in the Warming plots (Fig. 4). 
Together, our results indicate that soil moisture exerts a consistent 
control on soil CH4 dynamics across treatments, while short term 
directional shifts under warming likely reflect processes beyond soil 
abiotic conditions alone.

Consistent with this interpretation, variability in soil CH4 fluxes was 
largely driven by sampling day variation, whereas the warming 
manipulation did not exert a significant overall effect (sampling day; 
GAMM p < 0.001; Fig. 4; Tables 3b, Fig. SM3.2; SM3.3b, SM3.4b, 
SM3.5b). Across both summer campaigns, Control and Warming treat
ments exhibited similar soil CH4 flux trajectories, with a brief shift to
ward higher net soil CH4 uptake under warming during the wetter 
summer 2023, (July 7–24; Fig. 2, Fig. 4, Table SM4). Outside this win
dow, soil CH4 fluxes were virtually indistinguishable between treat
ments during the remaining summer 2023 sampling dates and 
throughout the drier summer campaign in 2024 (Fig. 2, Fig. 4, Table 
SM4). In contrast, variability across sampling days had no effect on soil 
CO2 fluxes (GAMMs p > 0.05), which were consistently higher under 
Warming treatment in summer campaign 2023 and comparable between 
treatments in summer field campaign 2024 (Fig. 4, Table SM4, Table 
SM3.3a, Table SM3.4a, Table SM3.5a). Together, these results suggest 
the directional shifts in net CH4 uptake under warming conditions were 
event–driven contingent on specific environmental and biotic processes 
rather than reflecting a persistent treatment effect. We suggest that these 
patterns may reflect interactive effects of warming and transient in
crease of nutrient availability that modulate soil GHG fluxes under 
contrasting hydrological regimes (i.e., wet vs. drier summers), which 
differentially regulated soil respiration and net CH4 uptake across 
treatments.

To evaluate the mechanisms underlying these episodic shifts in net 
CH4 uptake under warming, one may consider whether transient en
hancements in root–derived carbon inputs, in other words, rhizodepo
sition, could account for the observed patterns. However, this 
mechanism is unlikely to explain our results given the documented 
decline in root biomass at TRACE under warming and post–hurricane 
recovery over five years of experimental manipulation (Tunison et al., 
2024; Yaffar et al., 2021). Warming (Heinzle et al., 2023) and optimal 
precipitation regimes (Li et al., 2004) augment fine root biomass and 
enhance exudation of labile C compounds and inorganic nitrogen (N), 
which can stimulate heterotrophic activity, and, in turn methanotrophy, 
resulting into a positive correlation between soil respiration rates and 
net CH4 uptake (Tveit et al., 2019; Veldkamp et al., 2013; Voigt et al., 
2023). Although we observed such coupling between soil respiration 
and net CH4 uptake (Fig. 6, Table 5, Table SM5.1), roots under warming 
and post–hurricane at TRACE acclimated by reducing biomass and 
fine–root production rather than increasing metabolic activity (Tunison 
et al., 2024; Yaffar et al., 2021). This points to curtailed, or at least no 
shifts, in exudation rates. Consequently, changes in rhizodeposition 
rates cannot explain the pronounced enhancement of CH4 uptake under 
warming treatment during brief periods in summer 2023 nor its decline 
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across the remaining sampling days in both summer campaigns.
In summary, our observations highlight the complexity of inter

preting soil CH4 flux dynamics in tropical forests, which cannot be 
explained by variation in abiotic factors alone. Instead, integrating 
biogeochemical processes across multiple pools can better constrain the 
balance between methane uptake and emission in soils. Overall, our data 
indicate that net CH4 uptake was positively correlated with soil respi
ration in both treatments (Fig. 6, Table SM6). Given the lower contri
bution of roots to total soil respiration under warming conditions 
(Tunison et al., 2024), the increase in soil respiration observed during 
the summer 2023 campaign was likely mediated by enhanced decom
position rates, which have likely stimulated methanotrophic activity, at 
least during a short time window in summer 2023 (McFarlane et al., 
2024; Nottingham et al., 2020) that also contributed to CO2 production 
(Nazaries et al., 2013). Supporting this interpretation, extractable C and 
NO3

− , as well as microbial C and N, were higher under warming 
following two years of hurricane–disturbance recovery compared to 
unwarmed plots (Reed et al., 2020). In contrast, the absence of signifi
cant treatment effects during the summer campaign 2024 may reflect 
the reduced frequency of rainfall events (Fig. 2; Table SM1.2), which 
limited litter–leached, labial nutrient fluxes and constrained the 
warming response on soil GHG fluxes (Deng et al., 2018). Nevertheless, 
with our current dataset it remains unclear which mechanism primarily 
drove such transient increase of net CH4 uptake in the Warming plots 
relative to the Control, or why net CH4 uptake declined in warmer plots 
during part of summer 2023 and the summer 2024 campaigns. The 
apparent decline in CH4 uptake capacity across both summer campaigns 
may also reflect the smaller sample size and shorter temporal coverage 
(Fig. 3c–d, Fig. 4b, Fig. 5d, Fig. 6, Fig. SM2.4c–d, Table 3, Table SM4), 
which could have limited our ability to capture potential shifts toward 
greater or reduced CH4 sink strength. Despite these uncertainties, our 
targeted study suggests that the soil buffering capacity against CH4 
emissions at TRACE remains largely unaltered under warming and 
during long–term post–hurricane recovery, including wet periods.

4.3. Disturbance legacy effect of hurricanes are diluted

The TRACE site offered a unique opportunity to test the effects of 
warming on net soil GHG fluxes and to assess whether disturbance 
legacies from Hurricanes Irma and Maria persisted and were exacer
bated under a warming scenario. Our results indicate that lowland 
tropical forest soils in Puerto Rico remained a substantial CH4 sink even 
under warmed conditions. Overall, the realized warming was sufficient 
to boost soil respiration rates, at least during the summer campaign 
2023, but not enough to enhance net CH4 uptake. Altered methane 
metabolism was observed only during a brief period in summer 
campaign 2023, as indicated by higher net CH4 uptake and higher soil 
respiration rates relative to the Control treatment, reflecting shifts to
ward enhanced methanotrophic activity. Yet such changes cannot be 
fully explained by warmer and marginally drier soil conditions as pre
dicted in our hypothesis (1), suggesting that biological factors, poten
tially shifts in microbial community composition or activity, should be 
considered to explain this shift toward higher methanotrophic activity 
dynamics under different treatments. Although warming did not alter 
soil moisture levels in warmed plots (Table 1), soil conditions were 
oxygenated enough to promote methane uptake rather than emission in 
both Control and Warming treatments (Figs. 3c–d, 4b, 5c–d). Previous 
studies reported a temporary switch to net CH4 emission for about seven 
months following Hurricanes Maria and Irma (Quebbeman et al., 
2022a), when litterfall and fallen branches, combined with reduced 
evapotranspiration and high throughfall, maintained high soil moisture 
by reducing soil exposure to air. Prolonged wet conditions following 
hurricane recovery, coupled with warming–induced stimulation of mi
crobial activity, could theoretically sustain longer–term methane emis
sions (hypothesis (2)). However, sustained anoxic conditions generally 
decline as forests recover after such disturbances (Vargas, 2012). 

Indeed, the forest canopy in the LEF recovered within two years after the 
hurricanes (Reed et al., 2020), likely facilitating oxygenation in the 
topsoil where methanotrophs live by reducing throughfall and 
increasing evapotranspiration (Shiels et al., 2014). Therefore, we fully 
reject our alternative hypothesis (2) and suggest that the hurricane ef
fect on soil GHG has been diluted as the forest recovers.

4.4. Emissions of methane are rare or limited to localized topographic 
concavities

Despite tropical forests at TRACE functioning as an overall CH4 sink, 
occasional net CH4 emissions were also observed. Positive fluxes 
measured during the summer campaigns, although rare, represent “hot 
moments” of net CH4 emissions, here identified as outliers of efflux 
distributions (Fig. 3c-d, Fig. SM3.2c) (O’Connell et al., 2018; Sihi et al., 
2021). These events likely reflect rapid redox shifts under intermediate 
to elevated soil moisture that suppressed methanotrophic activity and 
respiration rates (Barcellos et al., 2018; Huang and Hall, 2017), which is 
consistent with our observations (Fig. 5, Fig. 6).

Notably, soil CH4 fluxes and moisture displayed modest but mean
ingful spatial variability (Table 1, Table 2), with the largest random 
variance attributed to plot–level differences (GAMMs p < 0.001; Fig. 3c- 
d, Table 3, Table SM3.3, Table SM3.4, Table 3.5), and only minor 
variability explained by collar ID for CH4 fluxes (GAMMs p < 0.001; 
Table 3, Fig. SM3.2c–d, Table SM3.3, Table SM3.4, Table 3.5). This 
suggests that local spatial heterogeneity can either modulate CH4 uptake 
or create conditions for net emissions (O’Connell et al., 2018; Quebbe
man et al., 2022b; Sihi et al., 2021). One striking example occurred in 
Plot 5, where especially collar U8 consistently produced positive CH4 
fluxes (Fig. SM2.4c). Comparison of variance components from GAMMs 
fitted to the 2023 and 2024 summer campaigns (Table 3b), including a 
reduced model excluding Plot 5, indicates that this plot contributes 
30.30 % of the total soil CH4 flux variability across the TRACE site. This 
disproportionate impact of a localized “hot spot” likely contributes to 
the apparent bimodal distribution of soil CH4 fluxes in Control plots 
(Fig. 3c). This anomaly appears to be linked to local topographic and 
textural controls that create unique hydrological and biogeochemical 
conditions (Barcellos et al., 2018; O’Connell et al., 2018). This plot lies 
on a gentle slope (16◦; Kimball et al., 2018), with collars U8 and U9 
positioned close to each other on a flat step near the center of Plot 5. This 
localized concave topography, combined with the poorly drained, 
clay–rich colluvium and weathered material included in these soils 
(Beinroth et al., 2003; Muñoz et al., 2018; Ping et al., 2013), likely foster 
conditions favorable for CH4 emission, at least in collar U8. Such topo
graphically driven water accumulation likely created a local “hot spot” 
for CH4 emissions by maintaining high soil moisture and low oxygen 
availability in potential anoxic microsites (O’Connell et al., 2018; 
Quebbeman et al., 2022b, 2022a; Sihi et al., 2021). Supporting this 
interpretation, Plot 5 was among the wettest measured, with median soil 
moisture values of 38.65 % in 2023 and 44.94 % from January–July 
2024, respectively (Fig. SM1.2). This localized CH4–emitting microsite 
likely contributed to the higher linear coefficients and weaker correla
tions observed in the respiration–CH4 relationship. In other words, while 
low to intermediate soil CO2 respiration rates in Control plots typically 
coincided with net CH4 uptake, equivalent respiration rates in the 
Warming plot more often aligned with net CH4 sink (Fig. 6, Table 5, 
Table SM6).

Importantly, such hot spots for methanogenesis may respond 
differently to warming than better–drained soils. While warming 
generally enhanced soil CH4 uptake across most plots, localized con
cavities with persistently high moisture may remain buffered against 
warming–induced aeration or even experience enhanced CH4 emission if 
warming accelerates decomposition under anaerobic conditions (Das 
and Adhya, 2012). This spatial and temporal heterogeneity in soil CH4 
emission likely contributes to the weak and inconsistent treatment ef
fects observed for CH4 fluxes at the plot scale, despite clear warming 
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effects on soil respiration (GAMMs p = 0.03; Fig. 3a-b, Fig. 4a, Table 2, 
Table 3a, Table SM3.4a).

Most global CH4 budget estimates derived from satellite inversions 
and atmospheric models operate at relatively coarse spatial resolutions 
(e.g., Feng et al., 2022; Saunois et al., 2020, 2025). While these ap
proaches capture broad regional patterns in atmospheric CH4 concen
trations, they often cannot explicitly resolve fine–scale heterogeneity in 
soil–atmosphere CH4 fluxes driven by local topographic and hydrolog
ical controls. As a result, localized “hot spots” of soil CH4 emissions, such 
as those associated with concave, poorly drained microsites are typically 
underrepresented or averaged out in regional and global flux estimates. 
In this study, a single plot (Plot 5) contributed 30.30% of the total soil 
CH4 flux variability across the TRACE site when accounting for both 
summer campaigns, highlighting how strongly such fine-scale hetero
geneity can influence ecosystem-scale estimates. Only a limited number 
of studies in lowland tropical forests explicitly account for the influence 
of fine–scale topographic and hydrological variability on soil CH4 dy
namics (e.g., O’Connell et al., 2018; Quebbeman et al., 2022a, b; Sihi 
et al., 2021, this study). Failure to represent this heterogeneity may bias 
estimates of tropical soil CH4 exchange, particularly under future 
climate scenarios that alter precipitation regimes, soil moisture distri
butions, and the frequency of extreme wetting events. Our observation 
of persistent, plot–specific CH4 emissions at TRACE highlights how 
localized hydrological settings can disproportionately contribute to flux 
variability and underscores the importance of incorporating sub–grid 
heterogeneity into models of the global CH4 budget.

Taken together, these findings suggest that while CH4 emissions in 
this lowland tropical soil are rare, they can emerge under rapid rewet
ting or particular topographic/hydrological settings (Barcellos et al., 
2018; O’Connell et al., 2018). This pattern aligns with observations from 
other tropical forest sites, which emphasize the buffering capacity of 
lowland tropical soils as reservoirs for atmospheric CH4, including in 
Australia (Kiese et al., 2008), Brazil (Keller et al., 2005), China (Beinroth 
et al., 2003; Fang et al., 2010; Muñoz et al., 2018; Zhao et al., 2019), 
Congo (Barthel et al., 2022), Costa Rica, and Panama (Veldkamp et al., 
2013).

4.5. Do lowland tropical forests in Puerto Rico thermally acclimate under 
prolonged warming?

A central challenge posed by ongoing global warming is to determine 
whether soil respiration across ecosystems will acclimate to novel cli
matic conditions and, if so, to what extent it can sustain resilience. Over 
the past decades, numerous experimental warming manipulations have 
sought to address this challenge by testing the sensitivity of soil respi
ration to temperature increases (Bradford et al., 2008; Carey et al., 2016; 
Melillo et al., 2017). Results across ecosystems have been mixed: 
warmed plots have shown no, partial, or full thermal acclimation of soil 
respiration. Such responses are often evaluated by the magnitude 
(intercept) and the shape (linear and quadratic slopes) of the soil 
CO2–temperature response curve. In principle, higher temperatures 
should stimulate higher respiration rates (Bradford et al., 2008; Carey 
et al., 2016; Melillo et al., 2017). Thermal acclimation, however, is 
inferred when warming produces only slightly higher or no change in 
respiration rates compared with Control plots, or even lower CO2 fluxes 
at a given temperature, resulting in response curves with equal or lower 
intercepts and shallower slopes compared to controls (Bradford et al., 
2008; Carey et al., 2016; Melillo et al., 2017). At TRACE, after one year 
(Wood et al., 2025) and six to seven years (this study) of prolonged 
warming, we observed a distinct pattern: soil respiration under warming 
showed a higher intercept but lower slope compared to controls (Fig. 5b, 
Table 4, Table SM5.2). This suggests that while baseline respiration is 
elevated, the sensitivity of respiration to further temperature increases is 
reduced, even when warming is constrained to ~+1.95◦C (e.g., this 
study) relative to the targeted +4◦C treatment (Wood et al., 2025).

A similar pattern emerged for CH4 uptake: in control plots, net soil 

CH4 uptake significantly increased as soil temperature within 0–10 cm 
depth increased, whereas under warming, the CH4 uptake response was 
enhanced but plateaued, showing a significant but low correlation with 
soil temperature close to 0 (Fig. 5d, Table 4, Table SM5.4). These results 
are also consistent with field observations from other lowland tropical 
forest soils (e.g., lowland tropical forest sites in China and Africa), where 
soil CH4 uptake remains the dominant flux process even under modest 
variations in soil temperature (Wanyama et al., 2019; Zhao et al., 2019). 
Given the moderate correlation between CO2 and CH4 responses (Fig. 6), 
we hypothesize that this response may point to a low upregulation of 
methanotrophic activity under warming, consistent with observations 
that heterotrophic microbes in low–latitude tropical forests, including 
methanotrophs, already operate near their optimal temperature and 
thus show reduced sensitivity to further warming (Jiang et al., 2025; 
Nottingham et al., 2020). Recent work on methanotrophs adapted to 
high–temperature environments suggests that cells can maintain high 
CH4 oxidation efficiency even as growth slows, effectively sacrificing 
proliferation to sustain CH4 uptake (Tveit et al., 2023). Moreover, 
lowland tropical forests may have more abundance in generalist meth
anotrophs, such those of the genus Methylocystis, that adapt to a wide 
range of temperature condition, further supporting low shifts in CH4 
oxidation rates (Gontijo et al., 2024). While we do not have microbial 
community composition or enzymatic activity data from TRACE to 
further support thermal acclimation patterns, these mechanisms may 
reasonably explain our observations, where methanotrophic activity 
appears to remain stable at higher temperatures (Fig. 5d, Table 4, Table 
SM5.4).

If this were the case, whether this response represents sustained 
acclimation or a transient adjustment cannot be resolved given the 
temporal scope of our dataset. We collected this dataset during two 
consecutive calendar summers (Fig. 2) to evaluate the vulnerability of 
soil CH4 uptake to increasing average soil moisture during months over 
which wetter and warmer periods are likely, conditions that could 
promote methanogenesis rather than net CH4 uptake under elevated 
precipitation and higher moisture levels. In both field campaigns 
(summer 2023 and 2024), lowland tropical forests at TRACE remained 
an important CH4 sink under experimental warming and post–hurricane 
recovery, and no reduction in net CH4 strength was observed between 
treatments and across both summer campaigns (Figs. 3b, Fig. 4b, 
Table 2, Table 3; Supplementary Materials SM2 and SM4). However, our 
measurements cannot capture responses to cumulative annual warming 
or during other months with different combinations of temperature and 
rainfall amount. Previous studies have demonstrated that the tempera
ture sensitivity of soil biogeochemical processes in subtropical forests, 
including respiration, can vary substantially across monthly timescales 
under experimental warming (Machmuller et al., 2018). Accordingly, 
the reduced temperature sensitivity on soil CH4 uptake observed under 
experimental warming at TRACE may reflect a seasonal or short–term 
acclimation response rather than sustained, year–round response. 
Longer, year–round observations would allow for determination of 
whether this response persists or shifts, particularly under ongoing 
warming and increasing hurricane disturbance frequency and intensity.

Since 1876, high-energy storms (e.g., category 3-5) have been 
dominant components of disturbance for tropical forests in Puerto Rico, 
with an average recurrence interval of ~14 years between major events 
(Zimmerman et al., 2020). Projections indicate that by the mid–21st 

century, strong hurricanes in the North Atlantic area, including the is
land, may increase in intensity by ~36% percent and in frequency by 
~19% under a ~4 ◦C warming scenario (Lopez et al., 2024). Strong 
hurricanes can remove nearly 50% of aboveground biomass (Scatena 
et al., 1996), while lowland tropical forests typically recover canopy 
structure within approximately two years following disturbance (Shiels 
et al., 2014). Consequently, shorter intervals between intense hurricane 
events could lead to more frequent inputs of fresh litter over large areas, 
as well as repeated periods of reduced evapotranspiration, soil anoxia, 
and associated shifts on biogeochemical cycling (Reed et al., 2020; 
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Shiels et al., 2014; Uriarte et al., 2019). Field measurements following 
hurricanes María and Irma documented a shift from net CH4 uptake to 
net emission driven by altered soil redox conditions, persisting for at 
least seven months after the events (Quebbeman et al., 2022a). 
Together, these processes suggest that the interaction between warming 
and increasing hurricane disturbance may make the capacity of lowland 
tropical forests to act as CH4 sinks more variable over time.

5. Conclusions

Overall, our observations indicate that lowland tropical forests in 
Puerto Rico remain net soil CH4 sink during wet conditions, even under 
prolonged experimental warming following years of major hurricane 
disturbance. Despite achieving only modest soil warming (~1.95◦C), 
warming altered soil greenhouse gas dynamics in temporally dependent 
ways, enhancing soil respiration during one of the two summer cam
paigns but did not substantially alter net CH4 uptake strength across 
treatments. Reduced temperature sensitivity of both soil respiration and 
CH4 uptake under warming suggests a potential attenuation of microbial 
responses at higher soil temperatures, possibly reflecting operation near 
thermal optima in these tropical ecosystems. The consistent coupling 
between soil CO2 efflux and CH4 uptake further indicates that meth
anotrophic activity is closely linked to heterotrophic decomposition. 
Finally, finer–scale temporal and spatial variability in soil CH4 effluxes 
suggest that soil CH4 dynamics are modulated by interactive biotic and 
environmental drivers rather than by soil temperature and soil moisture 
variation alone.

Together, these findings point to a short–term resilience of soil CH4 
dynamics to warming in lowland tropical forests, yet our observations 
are limited to calendar summer months. It remains unclear whether this 
apparent response of soil CH4 dynamics to warming represents a sus
tained adjustment or a transient, seasonally constrained response. Lon
ger–term, multi–season observations, integrated with microbial 
community composition and nutrient dynamics, would be valuable to 
determining whether continued warming and increasing hurricane 
disturbance frequency may eventually weaken soil CH4 sink strength or 
promote persistent transitions toward net CH4 emissions.
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