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Increasing soil respiration in a northern
hardwood forest indicates symptoms of a
changing carbon cycle
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Soil carbon dioxide (CO,) flux, or soil respiration, is a critical control on net ecosystem carbon (C)
balance. Using long-term (2002-2020) measurements at the Hubbard Brook Experimental Forest (New
Hampshire, U.S.), we show that soil respiration rates have notably increased since ~2015. In 2020,
cumulative summer respiration flux was approximately 90% higher than the average summer flux over
the 2002-2015 period. The increase in soil respiration cannot be explained directly by temperature or
pH change alone. We also found that heterotrophic microbial C mineralization and microbial biomass
C have also increased rapidly since ~2015, pointing towards an increase in the bioavailability of
organic C substrates. We suggest that these observations are consistent with a hypothetical increase
in plant allocation of C belowground in response to changing climatic and soil conditions.
Quantification of interactions among co-occurring global change factors (e.g., warming temperatures,
increasing atmospheric CO,, and nutrient limitation) is needed to predict how the soil C reservoir will

continue to respond to global environmental changes.

U.S. forests account for a substantial proportion (80%) of North American
net carbon dioxide (CO,) sequestration'”. Most (~70%) forest carbon (C) is
stored belowground in root biomass, the forest floor, and mineral soils', so
that even small percentage changes in belowground C could dis-
proportionately impact the strength and persistence of the forest C sink. Soil
respiration (the primary pathway of soil-atmosphere CO, exchange) is
consequently a key control on long-term forest C balance. In the north-
eastern U.S,, increasing atmospheric CO, concentrations, decreasing near-
surface ozone concentrations, warming air temperatures, changing pre-
cipitation patterns, and decreasing acid rain interact to affect soil C and
nutrient cycles in complex ways, challenging prediction of long-term forest-
climate feedbacks (Fig. 1)*°. Soil respiration rates may be a useful “symp-
tom” of changes in the C cycle, as they integrate many related C cycle
processes across space and time’™. At the Hubbard Brook Experimental
Forest (HBEF), a northern hardwood forest site in the U.S. National Science
Foundation Long-Term Ecological Research (LTER) network, decades of
environmental data collection and watershed-scale experimental

manipulations provide context for assessing possible changes in the tra-
jectory of soil respiration.

At HBEF, long-term measurements of forest C and nutrient pools and
fluxes provide a record of terrestrial ecosystem response to increasing
atmospheric CO, and associated climate change. Mean annual air tem-
perature at HBEF has increased by at least 0.1 °C decade™ and annual total
precipitation has increased by ~50 mm decade™ (~15% total) since the
1950s (Fig. la, b)"". Regionally, mean annual atmospheric CO, con-
centrations increased from 379 to 423 ppm between 2002-2021 (data from
Harvard Forest, Harvard, MA"; Fig. 1d). While leaf litter abundance, leaf
area index, and live aboveground biomass at HBEF over this period have
decreased or remained stable (Fig. 1e)'*™, there has been a marked
increase (30%) in evapotranspiration since the year 2000°"”, potentially
signaling a fundamental shift in plant-atmosphere exchange of water and
C. Over the same period, net nitrogen (N) mineralization, N concentra-
tions in the soil solution, and nitrous oxide (N,O) soil-to-atmosphere
fluxes have decreased, suggesting declines in N availability, a potential

'"CUNY Advanced Science Research Center at the Graduate Center, City University of New York, New York, NY, USA. 2Cary Institute of Ecosystem Studies,
Millbrook, NY, USA. ®Department of Civil and Environmental Engineering, Syracuse University, Syracuse, NY, USA. “Department of Earth, Environmental and
Planetary Sciences, Case Western Reserve University, Cleveland, OH, USA. *Department of Natural Resources and the Environment, Cornell University, Ithaca,
NY, USA. ®Department of Environmental Science and Management, Portland State University, Portland, OR, USA. "Department of Biology, Boston University,

Boston, MA, USA. ®Present address: School of Plant and Environmental Sciences, Virginia Tech, Blacksburg, VA, USA.

e-mail: arp264@vt.edu

Communications Earth & Environment| (2025)6:418


http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02405-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02405-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02405-y&domain=pdf
http://orcid.org/0000-0003-2518-0979
http://orcid.org/0000-0003-2518-0979
http://orcid.org/0000-0003-2518-0979
http://orcid.org/0000-0003-2518-0979
http://orcid.org/0000-0003-2518-0979
http://orcid.org/0000-0003-2692-2890
http://orcid.org/0000-0003-2692-2890
http://orcid.org/0000-0003-2692-2890
http://orcid.org/0000-0003-2692-2890
http://orcid.org/0000-0003-2692-2890
http://orcid.org/0000-0002-7415-7209
http://orcid.org/0000-0002-7415-7209
http://orcid.org/0000-0002-7415-7209
http://orcid.org/0000-0002-7415-7209
http://orcid.org/0000-0002-7415-7209
http://orcid.org/0000-0003-1283-1162
http://orcid.org/0000-0003-1283-1162
http://orcid.org/0000-0003-1283-1162
http://orcid.org/0000-0003-1283-1162
http://orcid.org/0000-0003-1283-1162
http://orcid.org/0000-0001-9079-813X
http://orcid.org/0000-0001-9079-813X
http://orcid.org/0000-0001-9079-813X
http://orcid.org/0000-0001-9079-813X
http://orcid.org/0000-0001-9079-813X
http://orcid.org/0009-0000-8823-7069
http://orcid.org/0009-0000-8823-7069
http://orcid.org/0009-0000-8823-7069
http://orcid.org/0009-0000-8823-7069
http://orcid.org/0009-0000-8823-7069
http://orcid.org/0000-0002-0156-4954
http://orcid.org/0000-0002-0156-4954
http://orcid.org/0000-0002-0156-4954
http://orcid.org/0000-0002-0156-4954
http://orcid.org/0000-0002-0156-4954
http://orcid.org/0000-0001-8872-4940
http://orcid.org/0000-0001-8872-4940
http://orcid.org/0000-0001-8872-4940
http://orcid.org/0000-0001-8872-4940
http://orcid.org/0000-0001-8872-4940
http://orcid.org/0000-0002-6570-3837
http://orcid.org/0000-0002-6570-3837
http://orcid.org/0000-0002-6570-3837
http://orcid.org/0000-0002-6570-3837
http://orcid.org/0000-0002-6570-3837
http://orcid.org/0009-0005-9720-4345
http://orcid.org/0009-0005-9720-4345
http://orcid.org/0009-0005-9720-4345
http://orcid.org/0009-0005-9720-4345
http://orcid.org/0009-0005-9720-4345
http://orcid.org/0000-0003-4454-0669
http://orcid.org/0000-0003-4454-0669
http://orcid.org/0000-0003-4454-0669
http://orcid.org/0000-0003-4454-0669
http://orcid.org/0000-0003-4454-0669
http://orcid.org/0000-0001-8371-6255
http://orcid.org/0000-0001-8371-6255
http://orcid.org/0000-0001-8371-6255
http://orcid.org/0000-0001-8371-6255
http://orcid.org/0000-0001-8371-6255
mailto:arp264@vt.edu
www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02405-y

Article

1 Precipitation: +4.5 mm y-!

@ Precip. sulfate:
° -0.06 mg L1 y!

N w S

e

Wet deposition sulfate (mg L")

1960 1970 1980 1990 2000 2010 2020

1960 1970 1980 1990 2000 2010 2020

Year Year

f

a b
© | MAT:+0.012°Cy" ~20
P S
5 7 e © T;
& $
[ © 4
g |, * o . o ® LI PN 3 1.6
g 6 ° % e % o
o ® S e
S ® [ e %% Q
— a > 1.24
g e & % o, 5 -
£ 0% o° % o, f% 2
S e e P/ CI Y 3
S e o o
8 | = 0.8
=4
1960 1970 1980 1990 2000 2010 2020
Year
d e
€ CO,: +2.5 ppm y! s 4001 Biomass: no change
o =
£ 425+ o
= 2
= [2}
5 @ 300
€ 400+ E
(5] o
5 T 200
J' 3751 3
O P
IS 2 100
Z 4 3
350 2

—umn

° 5.5 Soil pH: +0.07 units y-! after 2015

3.01

2000 2005 2010 2015 2020
Year

2002

Fig. 1 | Interacting global change factors at Hubbard Brook Experimental Forest.
For all plots, solid trendlines and slope estimates are included when a significant (at
a =0.05) linear change over time was detected. a Air temperature at HBEF, 1956-
2021 (yearly mean across all measurement stations and time intervals)''. b Annual
total (cumulative) precipitation at HBEF, 1956-2021 (yearly mean across all mea-
surement stations)'’. ¢ Wet deposition sulfate (SO,*~) concentration, 1970-2010
(yearly mean of samples collected at HBEF)™. d Northeastern U.S. regional atmo-
spheric CO, concentrations (Harvard Forest, MA), 2000-2021". Points and error
bars represent the yearly mean + standard deviation across all time points and two
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replicate sensors. e Aboveground live biomass at HBEF. Data are from 5-year
inventories of a reference watershed (Watershed 6, 13.23 ha) and represents total
living tree biomass (>10 cm diameter at breast height) for 208 inventory plots'’ .
Boxplots show median (center line), 75th and 25th percentiles (upper and lower box
edges), 1.5x the interquartile range (whiskers), and points outside 1.5x the inter-
quartile range (points). f Soil pH in surface mineral soils (0-10 cm below organic
horizons) collected in July of each year, including soil measurements from across
both Ca-treated and reference watersheds, 4 landscape positions, and 5 replicate soil
cores per landscape position (n = 40 pH measurements per year)’"*.

constraint on above-ground production response to elevated CO,”*". Due
to the importance of soil-atmospheric C flux in the overall C budget”,
quantifying potential changes in soil respiration flux is a critical step to
constrain terrestrial feedbacks to elevated CO, and associated climate
change drivers. Here, we use 18 years of measurements of soil CO, fluxes
encompassing temporal variation (e.g., across seasons and years) and
landscape heterogeneity (e.g., across elevation and soil property gradients)
to explore where, when, and to what extent interacting global change
drivers may cause important shifts in soil respiration and soil-atmosphere
C feedbacks.

In addition to long-term ecosystem response to changing climate,
experimental addition of crushed wollastonite (CaSiO;, added to replace
historical loss of available soil calcium (Ca) due to leaching associated
with acid rain) to an experimental watershed at HBEF in 1999 provides a
context for assessing soil respiration response to increased soil pH and Ca
availability (Fig. 1f and Supplementary Fig. 1). Calcium addition at HBEF
resulted in increases in aboveground biomass and increasing dissolved
organic carbon (DOC), pH, and acid neutralizing capacity (ANC) in
streamwater’***. Calcium addition has also been linked to stimulation of
late-stage litter decomposition”, potentially accelerating loss of C stocks
in the forest floor”. In addition to watershed-scale Ca treatment effects,
the pH of mineral soils has increased by about 0.5 units since ~2015 as a
result of overall ecosystem recovery from acid deposition in both Ca-
treated and untreated watersheds, and soil solution inorganic monomeric
aluminum (AI’*) has decreased markedly (Fig. lc, f, Supplementary
Figs 1 and 2b)*"*. The ~0.5 unit increase in mineral soil pH has been
associated with complex, non-linear effects on soil microbial C miner-
alization and N cycling’, consistent with soil pH as an important (but

challenging to quantitatively represent) control on microbial community
composition and function™.

At HBEF, climate change and watershed experimental manipulations
play out across a complex landscape template with high spatial variation in
soil development™. In particular, upper-elevation (>~650 m elevation) soils
with shallower soil profiles experience rapid water saturation cycles up to the
soil surface, resulting in rapid changes in redox conditions, increasing
bioavailability of soil organic matter (SOM) in mineral soils, and higher (but
often more temporally dynamic) fluxes of DOC, base cations, and nitrate
(NO;7)***. In addition to dynamic hydropedological properties, frequently
saturated landscape positions often have higher, but spatially variable,
densities of coniferous trees (e.g., red spruce, Picea rubens), which have been
shown to be more responsive to environmental change than many northern
hardwoods™.

In this study, our goal was to identify whether “symptoms” of a
changing C cycle could be identified at HBEF via the metric of total soil
respiration. We assessed patterns in soil respiration as a function of time, Ca
treatment, and elevation using long-term in-situ soil respiration measure-
ments (2002-2020)"" to test the hypothesis that early signs of changing soil
respiration would be amplified at higher elevation landscape positions and
under Ca addition. Soil respiration was measured monthly during the
growing season (May-October or November) using an in-situ chamber flux
method at sites distributed along elevation gradients in reference and Ca-
treated watersheds at HBEF (4 landscape positions per watershed, 3
chambers per site) (Supplementary Fig. 3). We explored relationships
between soil respiration and microbial biomass and microbial CO,
mineralization using measurements of these variables™ that were co-located
with the in-situ soil respiration measurements.
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Fig. 2 | Decadal-scale breakpoint in cumulative
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extrapolated from monthly rate measurements™.
Individual circular points represent three replicate
collars and two landscape positions within each
elevation group (n = 6 total measurements per year).
Triangle points are the mean (+standard error) of all
6 measurements within a year. Individual circular
point color shows the phase detected by the break-
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Results

Soil respiration is increasing across the landscape

Across both Ca-treated and reference watersheds and elevations, cumulative
summer (June, July, and August) soil respiration flux increased markedly
after 2013-2018 (median 2015), in sharp contrast to minimal or negative
trends prior to the time series breakpoint (Fig. 2). In 2020, the overall mean
summer respiration flux (~170 g CO,-C m ™ season™ ") across all watersheds
and elevations was approximately 90% greater than the mean summer
respiration flux prior to 2015 (~90 g CO,-C m ™ season™"). Our observa-
tions of higher total soil CO, production and dissolution are consistent with
increasing dissolved inorganic C (DIC) concentrations in both organic and
mineral soil solutions ~2015 (Supplementary Fig. 4)”. Contrary to our
hypothesis that the first detection of “symptoms” of the changing carbon
cycle would occur at higher elevations and under Ca addition, no significant
differences in slope direction and magnitude among watersheds and ele-
vation groups were detected (linear mixed model (LMM) ANOVA, all
p>0.70) (Supplementary Table 1). The breakpoint increase in cumulative
summer respiration flux was driven by increased soil respiration rates in
summer, specifically in July and August (Fig. 3). We did not detect differ-
ences in post-breakpoint slope across elevation or Ca addition treatment for
respiration rates (LMM ANOVA, all p > 0.60) (Supplementary Table 1).

Changes in the microbial C cycle are occurring in tandem with
increasing soil respiration

Microbial biomass C, microbial biomass C:N ratio, and potential microbial
C mineralization in soil samples collected in June or July also increased after
~2013-2018 (Fig. 4a—c and Supplementary Table 2). The increasing trend
was strongest in Oi/Oe horizons (LMM time effect p < 0.001), followed by
Oa/A horizons (LMM time effect p <0.10), but was not statistically sig-
nificant in surface mineral soils (p > 0.10) (Supplementary Table 2). These
effects did not depend on Ca treatment, but varied in some cases with
elevation. The increase in microbial biomass C and biomass C:N was slightly
stronger, but more variable, at higher elevations, with a 30% higher slope
after the breakpoint relative to lower elevations in Oi/Oe horizons (Fig. 5). In
contrast, biomass specific respiration (mineralization normalized to
microbial biomass) decreased after the time series breakpoint in mineral
soils, suggesting an increase in microbial substrate use efficiency (Fig. 4d,
Supplementary Fig. 5 and Supplementary Table 3). The change in biomass
specific respiration had an inverse depth pattern: ie., the decrease was
strongest in mineral soils (p <0.05), absent or weakly negative (after In-
transformation) in Oa/A horizons (p < 0.10), and not significant in Oi/Oe

horizons (p = 0.13) (Fig. 4d, Supplementary Table 3). Changes in biomass-
specific respiration did not vary by elevation or watershed (Supplementary
Fig. 5 and Supplementary Table 3).

We evaluated correlations between microbial biomass C in Oi/Oe, Oa/
A and mineral soil horizons and in-situ soil respiration rates, focusing on
measurements from July (Supplementary Fig. 6). Overall, there was a
strongly positive relationship between microbial biomass C and soil
respiration (Spearman Rank p > 0.6, p <0.001 for all horizons). However,
the relationship was stronger and less variable in the pre-2015 period
(p=0.73-0.79) compared to 2015-present (p = 0.18-0.60) (Supplementary
Fig. 6). In addition, in-situ soil respiration did not increase proportionally
with very high microbial biomass C values (e.g., >4, 15, and 60 g MBC kg
soil™" for mineral, Oa/A, and Oi/Oe horizons, respectively) (Supplemen-
tary Fig. 6).

Calcium addition and soil pH do not explain increase in soil
respiration

In contrast to our hypothesis that Ca addition and associated deacidification
would amplify soil respiration effects, we did not observe consistent dif-
ferences in respiration and soil C cycling metrics as a function of Ca addition
(Fig. 2, and Supplementary Tables 1-3). However, in addition to categorical
differences between treated and reference watersheds, there is evidence of
broader trends of increasing soil pH and decreasing soil solution inorganic
monomeric aluminum (AI’") as a component of broader ecosystem
recovery from acid rain at HBEF"*** and regionally" (Supplementary
Figs 1 and 2). While soil pH dynamics over the available record (1994-2020)
vary by horizon and Ca treatment, soil pH generally increased after ~2015,
from an overall mean pH of 3.8 in 2015 to 4.1 in 2021 (Fig. 1f and Sup-
plementary Fig. 1). However, there were weak or non-significant correla-
tions between cumulative summer respiration flux and mean annual soil pH
(Spearman Rank p = 0.31, p = 0.23) and soil solution AI’* (Spearman Rank
p=—041, p=0.09) in the reference watershed across the available record
(2002-2020, excluding 2016 due to lack of pH data) (Supplementary Fig. 2).

Increasing air and soil temperature, or changes in soil moisture,
do not explain increasing soil respiration

Temperature is a direct and well-established control on rates of microbial C
mineralization and is generally well-represented by an exponential Qo
response function. Bond-Lamberty et al.” reported global increases in soil
respiration proportional to increasing air temperatures. Over the available
record (1956-2021) at HBEF'', mean annual air temperatures increased by
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Fig. 3 | Decadal-scale breakpoint in soil a
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Fig. 4 | Indicators of changing microbial carbon processing in organic and
mineral soils. Individual circular points represent June or July soil measurements
from two watersheds, four landscape positions, and up to five replicate cores per
landscape position each year (n = 40 points per year) within one horizon type (Oi/
Oe, Oa/A, or surface mineral soil). Triangle points are the mean (+ standard error) of
all 40 measurements within a year. Individual circular point color shows the soil
respiration period (pre- or post-breakpoint) for a given landscape position; point
color overlaps in some cases because four landscape positions and watersheds are

grouped within a year. Best-fit lines (for visualization only) show simple linear
regression for each pre- and post-breakpoint time segment. Stars indicate linear
mixed model ANOVA p-value for change in each parameter over time in the post-
breakpoint phase only, where NS =p > 0.10, * = p <0.10, ** = p < 0.05, and

#¥% = p <0.001 (Supplementary Tables 2 and 3). a Microbial biomass carbon (MBC)
(chloroform-fumigation 10-d incubation); b Microbial biomass C:N ratio;

¢ Microbial heterotrophic mineralization rate (aerobic 10-d incubation); d Biomass
specific respiration rate (mineralized CO, normalized to MBC).

an average of 0.012 °C year ' and summer air temperatures increased by
0.015°C year ' (Fig. 1). Using a Q) range of 1.5 to 3°>", an increase of
0.015°C year ' in summer air temperature between 2015 and 2020 would
result in a 0.3-0.8% increase in summer respiration rates, much lower than
the actual increase observed (over 100%) (Fig. 3).

Soil temperature may be a more direct control on soil respiration rates
and their intra-annual variation than air temperature***. To assess whether
soil temperature at the time of measurement could explain increasing
respiration rates, we used surface soil temperature measurements from a
network of sensors distributed across the elevation gradient paired to the

date and time window (10 a.m.—4 p.m.) of soil respiration measurements
(Supplementary Fig. 3)**"". Because the sensors are not co-located with soil
respiration collars (locations shown in Supplementary Fig. 3), we used these
data as a potential reasonable range in daily minimum, maximum, and mean
soil temperatures within the sampling time window, encompassing the
elevation gradient used for soil respiration measurements. Since 2011 (the
earliest year of soil temperature data collection in this network), minimum,
maximum, and mean summer (July and August) soil temperature slightly
increased, with the greatest increase in minimum soil temperature (simple
linear model p < 0.005, slope: +-0.21 °C y") (Supplementary Fig. 7). Using
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Fig. 5 | Increase in microbial carbon cycling metrics post-breakpoint in the Oi/Oe
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2014 2016 2018 2020

T:E interaction p < 0.10

Lower elev. slope = 0.10, p < 0.05

2014 2016 2018 2020
Year

T:E interaction p = 0.28

Lower elev. slope = 0.06, p < 0.10

lines and slope estimates for visualization of effect direction and magnitude are
derived from simple linear regression, with shaded area indicating standard error.
a Microbial biomass carbon (chloroform-fumigation 10-d incubation); b Microbial
biomass C:N ratio; ¢ Microbial heterotrophic mineralization rate (aerobic 10-d
incubation).

+0.21°C y" as a potential soil temperature maximum increase and a Qo
range of 1.5 to 3, this would equate to a 4.3-12.2% increase in respiration rate
from 2015 to 2020. This increase is larger than that predicted by the increase
in air temperature (0.3-0.8%), but remains small compared to the actual
observed increase in respiration rate (over 100%).

Discussion

Implications of a rapid increase in soil respiration flux for forest C
balance

The rapid increase in soil respiration detected in this study across all
landscape positions has important implications for our understanding of the
total C budget in Northeastern forests and for assessment of potential net
forest C uptake. The rate and magnitude of the recent increase in soil CO,
flux point towards disequilibrium from the antecedent steady state™,
potentially shifting the soil C flux towards a net C loss. We estimated that
cumulative summer (June, July, and August) respiration increased by about
11-15 g CO,-C m* season ' since ~2015 (Fig. 2). We used this estimate to
consider the magnitude of increasing soil respiration in the context of other
C pools at HBEF. We estimated the forest floor C pool at HBEF to be
~2.6 kg m ™ using soil profile C inventories from 2014 and 2018 (conducted
following methods described in Johnson et al.”’) (Supplementary Table 4).
Even as a conservative underestimate of actual flux (due to known limita-
tions of the static chamber method)*, the size of the summer soil respiration
flux relative to the forest floor pool would increase from ~3.5% (pre-2015) to
20-30% by 2060. At the scale of the conterminous U.S,, given the modest (up
to 4 Tg C sequestered y ')” estimates of net sequestration of C in the forest
floor from 1990 to 2010 relative to the size of the forest floor stock
(2680 Tg C)', an increase in soil respiration of this magnitude has the
potential to reverse net sequestration in temperate forest soils.

Our results are consistent with those presented by Mann et al.** who
reported increasing soil respiration from ~2009-present within the Multiple
Element Limitation in Northern Hardwood Ecosystems (MELNHE) study
at HBEF that was independent of nutrient treatment (see Fig. 7 in Mann
et al. **). Similar to Mann et al.”*, we did not find a temperature-driven soil
respiration response. In contrast to Mann et al.”*, we found a clear break-
point increase in soil respiration, rather than a gradual increase, an obser-
vation enabled by the higher frequency of our measurements and the longer
duration of our record. Our observations also showed a consistent break-
point increase in total soil respiration across all landscape positions,
encompassing known variation in vegetation and soil type.

Mann et al.** also found similar increases in soil respiration at other
sites in the White Mountains region (Bartlett Experimental Forest, Bartlett,
NH, and Jeffers Brook, Benton, NH). While datasets such as the Global Soil
Respiration Database (SRDB)* show an increase in soil respiration CO, flux
ata global scale™, data coverage in the SRDB of the Northeastern US region
(e.g., latitude 40 to 48° and longitude —75 to —63°) is sparse, with most
observations from long-term soil respiration measurements in warming
experiments at Harvard Forest (Harvard, MA). At Harvard Forest, soil
respiration observations from 1992 to 2010 show no apparent trend in soil
respiration over time”, in line with HBEF observations up to 2010. To
understand the extent of increasing soil respiration as a broader phenom-
enon, expansion of the spatial extent of long-term soil respiration mea-
surements is needed, in combination with further synthesis of long-term
data from HBEF and nearby sites with newer observations from Harvard
Forest and other locations. However, observations of increasing soil
respiration independent of experimental manipulation (in our study and
Mann et al.**), as well as elevation, vegetation, or soil type in our study, point
towards a possible region-wide increase in respiration flux, with profound
implications for overall C cycle balance.

Soil pH, temperature, and moisture do not explain increases in
soil respiration flux

In addition to ubiquitous increasing soil respiration since 2015 across
elevations, we did not detect differences in time patterns between Ca-
treated and reference watersheds. These observations are in line with
prior assessment of in-situ respiration fluxes that found no change in soil
respiration after Ca addition, and inconsistent or non-linear relation-
ships between increasing soil pH and microbial C cycling processes®*"*,
suggesting that increasing soil pH alone is not the primary driver of
increasing respiration. Furthermore, we determined that the negligible
increase in soil respiration explained directly by soil temperature (up to
12.2%, based on a high-end Qo =3 temperature response) excludes a
simple temperature-dependent explanation for increasing soil respiration
rates (over 100% increase).

In addition to soil temperature, soil moisture is a strong driver of soil
respiration™. In generally aerobic soils, increasing soil moisture would be
expected to stimulate higher soil respiration rates”. While we did not
directly evaluate soil moisture in this study, published measurements across
elevation at HBEF indicate that soil moisture decreased from 2011 to 20177,
consistent with increases in evapotranspiration at HBEF. An increase in soil
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Fig. 6 | Proposed atmospheric and soil factors

contributing to increasing soil respiration flux.
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moisture can therefore not be a driver of the observed increases in soil
respiration.

Plant-soil-microbial feedbacks as a proposed driver of increas-
ing soil respiration

In lieu of clear temperature, moisture, or pH controls, we propose that the
high-magnitude increase in soil respiration across the landscape is driven by
interactions among below-ground C allocation, soil microbial communities,
and soil organic C bioavailability (Fig. 6). One plausible mechanism is an
increase in allocation of relatively simple C substrates to the rhizosphere that
stimulate, or “prime,” microbial SOM turnover and mineral solubilization
in response to elevated CO, and N oligotrophication”***. Our rationale for
this mechanism is based on co-occurring changes in microbial C cycling,
spatial distribution of effects across litter layers and mineral soils, and
temporal concentration of effects during the peak growing season. Increased
root-to-rhizosphere C flux would be consistent with the observed increase in
microbial biomass C and mineralization rate primarily in Oi/Oe horizons, as
well as more efficient microbial substrate mineralization in mineral horizons
(e.g., from downward transport of relatively bioavailable substrates directly
from exudation and/or microbially transformed SOM). Further, the
increase in microbial biomass C:N is consistent with increasing fungal
(possibly root-associated) contributions to microbial biomass’*. In addi-
tion to soil depth patterns, the greatest increase in soil respiration rates
occurred during the summer (Fig. 3), when photosynthetic rates are gen-
erally the highest in the northeastern US”, coinciding with higher potential
C allocation to fine root production®.

In addition to evidence of these consistent spatial and temporal
trends, we considered whether plant-microbial-soil feedbacks could be a
plausible cause of increasing soil respiration in the context of the forest C
budget, using prior estimates of root-rhizosphere C fluxes™. Using a mass
balance approach, Fahey et al.”* estimated a total root to rhizosphere C
flux (e.g., root exudation, rhizodeposition, and allocation to mycorrhizal
fungi) of 80gCm ™y " at HBEF. In this study, the increase in soil
respiration was mostly driven by summer months (Fig. 3), and we esti-
mated cumulative summer respiration flux to be ~11-15g CO,-Cm™
season”' (Fig. 2). For a change in exudate C to match this increasing
respiration C flux, annual root-rhizosphere flux would need to increase
by ~10-20% in summer, corresponding to an ~2-3% yearly increase in
total belowground C allocation™. This increase could reasonably be
supported by an increase in gross primary production (GPP) driven by
elevated CO,°". Increasing GPP would also be plausible based on recent

(since ~2011) rapid increases in ecosystem-scale ET*"** at this site.
Collectively, these observations underscore the need for further studies
that employ approaches coupling climate and vegetation simulations
with soil C models that explicitly represent microbial C and C:N
dynamics and root-rhizosphere C exchanges®. Incorporation of available
estimates of other forest C pools and fluxes (e.g., updated forest floor
stocks™, or measurements of C turnover using radiocarbon approaches)
will be necessary to constrain the potential implications of changing soil
respiration fluxes. Such approaches are needed to unravel the complex
interactions between changing climate, atmospheric chemistry, and
ecosystem processes that are driving major changes in the Earth system.

Increasing root respiration is also consistent with increasing soil
respiration rates in summer. Changing environmental controls that could
influence overall production and C allocation (e.g., elevated CO,) could also
increase total autotrophic respiration®*® and its contribution to total soil
respiration fluxes*. In this study, the non-linear increases in heterotrophic
microbial mineralization (using laboratory assays that exclude root
respiration), microbial biomass C, and microbial biomass C:N (Fig. 4) that
track with patterns in soil respiration suggest that root respiration is not the
primary driver of increasing soil respiration. However, the decoupling of
microbial biomass with field respiration rates when microbial biomass is
very high (Supplementary Fig. 6) suggests non-microbial processes may be
more important under some conditions. Additionally, given the significant
(>50%, with high uncertainty) contribution of root respiration to total soil
respiration in this system®, further exploration of potential changes in
respiration partitioning is needed. Time series measurements of root
properties and autotrophic respiration that can be meaningfully compared
to long-term soil respiration measurements are not currently available at
HBEF. We therefore encourage further research on drivers of increasing soil
respiration tied to below-ground C allocation, including long-term fine-root
biomass measurements, efforts to refine partitioning of root respiration, and
development of new long-term monitoring of root-rhizosphere fluxes and
root-associated microbial communities. Experiments or analysis of soil
archives to track plant-derived C into soil pools using isotope approaches
will also be an important direction for further evaluation of the potential for
a shift in the fate of plant-derived C belowground.

Interactions among edaphic properties and ecosystem change
factors may contribute to increasing soil respiration

While coupled plant production-C allocation responses may be a plausible
mechanism explaining increasing soil respiration trends, potential
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mechanisms contributing to higher SOM bioavailability and mineralization
rates are not limited to plant-driven C allocation per se. For example,
increasing C:N ratio in microbial biomass in Oi/Oe horizons—broadly
consistent with increasing fungal biomass contributions*—could be
related to microbial community composition changes due to interacting
edaphic properties unrelated to plant C allocation. While soil pH alone was
not tied directly to increasing soil respiration in this study (Supplementary
Fig. 7), acid rain recovery as a broader ecosystem phenomenon influences
not only soil pH, but also nutrient cation accumulation™, AI'* and DOC
solubility”®, microbial community composition’””, and mycorrhizal
dynamics™, all of which could impact SOM substrate chemistry and bioa-
vailability. While soil temperature did not directly explain the soil respira-
tion increase during the growing season, soil warming and temperature
fluctuations (particularly in winter) are likely to have cascading impacts on
SOM bioavailability and microbial function”. Finally, while moisture con-
tent did not consistently change in a direction that could explain increasing
soil respiration rates, changes in the temporal dynamics rather than the
absolute soil moisture content could disproportionately influence SOM
bioavailability’. Overall, the intensification of pH-, temperature, and
moisture-sensitive biogeochemical cycles (e.g., redox-driven changes in
SOC bioavailability’***) at higher elevations suggests that these landscape
positions may be disproportionately influenced by ecosystem change factors
that influence SOM turnover, and motivates continued monitoring of the
early signs of diverging microbial C cycling processes at higher elevation
identified here (Fig. 5).

Methods

Study site description

This study leverages monthly (May-October or November) soil greenhouse
gas flux measurements’ collected across an elevational gradient in two
watersheds at HBEF: (1) an unmanipulated (reference) watershed (Bear
Brook), from here on referred to as “reference”; (2) a watershed amended
with crushed wollastonite in 1999 (Watershed 1), from here on referred to as
“Ca-treated” (Supplementary Fig. 3). Both watersheds are south-facing, with
average mean annual precipitation of 1400 mm, mean January temperature
of —9 °C, and mean July temperature of 19 °C'*”"*. American beech (Fagus
grandifolia), sugar maple (Acer saccharum), yellow birch (Betula alleghe-
niensis), red spruce (Picea rubens), white birch (Betula papyrifera), and
balsam fir (Abies balsamea) are the major tree species at HBEF. Bedrock in
both watersheds is predominantly derived from Rangeley formation
schist””®, Wollastonite application methods in the Ca-treated watershed are
described in depth in Peters et al.””. In brief, crushed wollastonite (CaSiOs)
was pelletized (~3 mm-diameter) with a lignin-sulfonate binder and applied
by helicopter at a rate of ~345 gm™ in 1999.

Field respiration and soil measurements were made across landscape
positions categorized as low (520-560 m), mid (600-650 m), and high
(725-750 m) hardwoods, and spruce-fir (770-850 m) zones (Supplemen-
tary Fig. 3). The reference watershed measurement locations coincided with
long-term litter collection locations'®’. The Ca-treated watershed mea-
surements were co-located with long-term soil solution chemistry (lysi-
meter) monitoring sites”’. To allow for statistical contrasts, we grouped the
spruce-fir and high hardwood positions as “higher” elevation and the mid-
and low hardwood positions as “lower” elevation.

We used soil profile descriptions from nearby locations to categorize
soil types by hydropedological unit (HPU), a detailed soil classification
system developed to capture distinct soil profile characteristics driven by
hydrological and transport processes in HBEF Spodosols (Supplementary
Fig. 8)”. The higher elevation sites (high hardwood and spruce/fir landscape
positions) were categorized as “Bhs podzols,” which experience flashier
water saturation cycles closer to the soil surface (<40 cm depth), and lateral
transport of DOC, metals, and solutes from frequently saturated upslope
positions™. The lower elevation sites (mid and low hardwood positions)
were categorized as “bimodal podzols,” which do not experience high fre-
quency of saturation cycles at the soil surface and are affected by both
vertical transport at the surface and lateral transport in the subsurface™.

From here, we refer to the landscape positions by elevation group (higher or
lower elevation) but emphasize that these categories are expected to coincide
with divergent and spatially variable saturation and transport patterns.

In-situ trace gas analysis

Total soil respiration (CO, flux in g m™> h™') was measured using a static
chamber method""””*””. In brief, polyvinyl chloride (PVC) rings were
permanently installed to a depth of 10 cm at each sampling location (n =3
chambers per site) (Supplementary Fig. 3). Measurements were collected
monthly from May through October prior to 2014, and May through
October or November after 2014. For measurement, a 28.7 cm-diameter by
4 cm-height polyvinyl chloride (PVC) chamber was affixed to the perma-
nent rings. The integrity of permanent rings was periodically assessed by
installing additional temporary new collars (see Supplementary Methods).
Gas samples (9 mL) were collected at =0, 10, 20, and 30 min via gas
sampling ports and stored in evacuated gas vials at room temperature prior
to analysis. Gas samples were analyzed by gas chromatography (GC) with
thermal conductivity detection, using a Shimadzu GC-14 (2002-2015) or
Shimadzu GC-2014 (2015-2020) instrument (Shimadzu Corp., Kyoto,
Japan). Sampling trip standards and certified external calibration standards
were used to verify that instrument bias did not affect gas measurements
over time (see Supplementary Methods).

Flux data were screened for outlier timepoints (6 times higher or lower
than other timepoint measurements) or clear contradiction of the time
trend. Fluxes were then determined based on the linear relationship between
CO, concentration and measurement time, accounting for chamber inter-
nal volume and soil surface area.

To provide an estimate of cumulative summer respiration flux, the
monthly rate measurements (g CO, m™> h™") were extrapolated to 30 d
increments (g CO, m > 30 d™")** for June, July, and August. We used these
months because they accounted for the most continuous record over the
measurement period, and the strongest increase in respiration rates was
found in summer (see Fig. 3). To account for missing combinations of
elevations and sites in certain years, missing monthly measurements were
gap-filled using the mean summer monthly flux. These values were summed
to produce cumulative summer soil respiration fluxes. The static chamber
method results in known underestimation of true soil respiration fluxes due
to inherent feedbacks within the closed chamber®. Further, the 30-d
extrapolation with gap-filling is a coarse estimate of cumulative fluxes,
though represents internally-consistent changes over time*. However, we
empbhasize that these methodological considerations are more conservative
with respect to the detection of trends in soil respiration and implications of
changing fluxes for overall forest C balance.

Soil and soil organic matter analysis

We compared soil respiration data with data on soil microbial biomass and
activity collected from 2002 to 2020 at the same locations™. Soil cores were
collected within 20 m of each gas sampling collar annually in June or July
using a 5 cm-diameter split PVC corer. Cores were collected to 10-15 cm
depth, and separated into three depths, defined in the field as Oi/Oe, Oa/A,
and mineral soil horizons based on degree of organic matter decomposition
and mineral soil content. At each landscape position, material was com-
posited by horizon for five replicate measurement plots (2-8 cores com-
posited per plot).

Detailed methods for soil analysis are described in ref. 32. Briefly, soils
were stored at 4 °C and field moisture content for less than three weeks prior
to laboratory analyses. Soils were manually homogenized: all large rocks,
roots, and other non-decomposed organic material were removed, and
samples were thoroughly mixed. Gravimetric moisture content was deter-
mined by weight difference after oven-drying at 60 °C for 48 h, and all results
are expressed on an oven-dry weight basis. Soil pH was determined in
deionized water at a 1:2 (Oa/A and mineral soil horizons) or 1:4 (Oi/Oe
horizons) soil:water ratio. Microbial biomass C and N content were mea-
sured using the chloroform fumigation-10-d incubation method™", and
microbially mineralized CO, was measured in a 10-d incubation at room
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temperature (a non-fumigated incubation control). The headspace of the
incubation vessels was sampled by syringe. Headspace air samples were
stored in evacuated vials and then analyzed by gas chromatography with
thermal conductivity detection, using a Shimadzu GC-14 (2002-2015) or
Shimadzu GC-2014 (2015-2020) instrument (Shimadzu Corp., Kyoto,
Japan). Biomass specific respiration was calculated by normalizing miner-
alized CO, normalized to microbial biomass C.

Environmental variables

Airtemperature. Daily air temperature data were derived from the long-
term (1955-2022) record, with measurements collected at up to 7 loca-
tions across the HBEF"". For this study, we used years with complete data
(1956-2021) to calculate the yearly average across all locations, either
across the entire year (i.e., mean annual temperature) or for the months of
July and August only.

Precipitation. Daily precipitation data were derived from the long-term
(1956-2022) complete record at HBEF, with up to 24 stations prior to
2015 and up to 10 stations after 2015"°. The yearly average across all
stations was summed within each year with complete data (1956-2021)
to calculate yearly total precipitation.

Atmospheric carbon dioxide concentrations. We used atmospheric
CO, measurements collected at the Harvard Forest EMS Tower (HFR1,
US-Hal) affiliated with the AmeriFlux network'’. We calculated the
yearly mean of two measured values at the site®.

Wet deposition sulfate concentration. To illustrate decreasing acid
rain trends over time, we used long-term monthly wet deposition
chemistry measurements collected at HBEF". We calculated the yearly
mean across all measurement timepoints.

Soil temperature. We used in situ soil temperature measurements col-
lected as part of an elevation and climate gradient study**”. We used 6
south-facing sensor locations overlapping with the elevation range of our
studied transects (Supplementary Fig. 3). At each location, two replicate
soil temperature sensors were installed to a depth of 5cm (Decagon
Model 5TM, METER Group, Pullman, WA, USA) and measurements
recorded hourly. For this study, we calculated average (across
n=2 sensors) hourly soil temperature across the available record
(2011-2021). We paired soil respiration and soil temperature measure-
ment dates, and filtered soil temperatures to the time of soil respiration
collar sampling (10 a.m.—4 p.m.). We determined minimum, maximum,
and mean soil temperature across hourly measurements within each
measurement day and across all six measurement locations (Supple-
mentary Fig. 3) to capture the full range of soil temperature conditions
within a given sampling day. It should be noted that the available soil
temperature measurements are not co-located with soil respiration col-
lars, so they represent a potential maximum range of soil temperatures
across landscape positions on a soil respiration measurement day.
Therefore, we focused our analysis on the potential reasonable magnitude
of soil temperature effects on soil respiration based on known biological
relationships (i.e., Qo temperature response functions) (see Data ana-
lysis section below) rather than direct correlations between soil tem-
perature and soil respiration measurements.

Soil solution dissolved inorganic carbon (DIC) and monomeric Al.
We used measurements of freely-draining soil solution DIC” to verify an
increase consistent with increasing soil CO, production and dissolution in
soil pore water. In addition, we used total monomeric Al concentration in
soil solutions to illustrate overall ecosystem acid rain recovery trends™.
Lysimeter installation and sampling methods are described in refs. 33,37. Soil
solution DIC was determined using infrared detection, and total monomeric
Al was determined using pyrocatechol violet colorimetric analysis®.

Aboveground biomass. We used long-term estimates of above-ground
biomass (living trees DBH 2 10 cm) (Fig. Le) for a reference watershed at
HBEF (Watershed 6)"*. In each measurement year (2002, 2007, 2012,
and 2017), DBH was measured on all trees DBH = 10 cm in 208 plots
(625 m?). Standing and downed dead trees were excluded from the
dataset. Estimates of individual tree biomass were derived from HBEF-
specific allometric equations'” ™.

Forest floor C stocks. To provide context for the change in respiration
relative to other C pools at HBEF, we estimated the forest floor C pool at
HBEEF using soil profile C inventories from 2014 to 2018 in the Ca-treated
watershed (Supplementary Table 4). The Ca-treated watershed was used
due the availability of data for both 2014 and 2018 (the most recent
complete sampling years). Soils were excavated at 100 sites in each
sampling year using a pin-block method™. At each site, samples of the
combined Oi and Oe (“Oie”) and of the Oa horizon were collected. The C
pool at each site was calculated using the soil mass per unit area and the C
content, measured by combustion-gas chromatography. Further details
may be found in ref. 30.

Data analysis
All statistical analyses were conducted using R v. 4.0.2 in RStudio v.
1.1.423*%, The base R stats package® was used unless otherwise noted.

Structural change: breakpoint detection. We identified breakpoints in
soil respiration rate time series data over the 2002-2020 measurement
period using the “breakpoints” function in the strucchange package*" set
a priori to detect one breakpoint in the time series, with a minimum of 20
observations in each identified time section. To determine whether the
breakpoint model improved fit relative to a non-breakpoint model, we
compared residual sum of squares (RSS) values with and without a
breakpoint (Supplementary Fig. 9). To include sufficient observations for
operability of the breakpoint algorithm, we used all replicate gas collar
observations (n = 3 per landscape position by watershed combination).
We used the identified breakpoint date from pooled soil respiration rate
data to separate other time series into pre- and post-breakpoint segments,
including: (1) cumulative summer CO, flux; (2) microbial biomass C and
C:N ratio; (3) potential microbial mineralization rate; and (4) biomass
specific respiration.

Catreatment and elevation contrasts. We compared the magnitude of
change over time as a function of Ca treatment and elevation in several
ways. We tested for differences across Ca treatment and elevation in the
post-breakpoint slope using a linear mixed model approach (“Ime”
function in the nlme package)®. We accounted for autocorrelation in
the time series by using a continuous autoregressive (1st order) corre-
lation structure®. The model included sampling year as a fixed effect,
sampling year-by-elevation group (higher or lower) and sampling year-
by-Ca treatment as interaction effects, and elevation (low, high, mid,
and spruce-fir) as a random effect (i.e., as a measurement unit in a
repeated measures sampling design). Microbial biomass C, microbial
biomass C:N, microbial mineralization, and biomass-specific respira-
tion were In-transformed to increase the normality of model residuals.
We also qualitatively compared the increase in soil respiration in post-
breakpoint time segments by estimating slope with a simple linear
model (Fig. 2).

Correlations with soil pH and microbial biomass C. The direction and
magnitude of relationships between soil respiration flux and soil pH and
microbial biomass C across the available measurement record were
determined using Spearman rank correlation without continuity cor-
rection. For microbial biomass C, we also determined the direction and
magnitude of the correlation for soil horizons (Oi/Oe, Oa/A, and mineral
soils) and the pre-2015 and 2015 periods separately.

Communications Earth & Environment| (2025)6:418


www.nature.com/commsenv

https://doi.org/10.1038/543247-025-02405-y

Article

Air and soil temperature predictions. To test if increasing respiration
post-breakpoint could be explained by increasing air and soil temperature
temperatures alone, we determined the overall change in July and August
mean air or soil temperature over the available record using a simple linear
regression, and used the slope (air temperature: +0.015°C year ', soil
temperature: up to +0.21 °C year ', based on minimum daily temperature
within the sampling time window) to predict the potential change in
respiration rate with a simple Q;, function, starting with the overall average
respiration rate in 2015 (0.0430 g CO,-C m~>h™") (Fig. 3) as the initial rate.
Using Q;0 = 1.5 or 3.0, the predicted increase based on air temperature was
to 0.0432 or 0.0434 g CO,-Cm > h™" (2 0.3 or 0.8% increase). Based on soil
temperature, the predicted increase was to 0.0441 or 0.0459 CO,-C m >h™"
(a 4.3 or 12.2% increase). The actual mean respiration rate in 2020 was
0.092 g CO,-C m 2 h7}, an over 100% increase.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The soil and site characterization datasets used for all analyses in this study
are available through the open access Hubbard Brook Data Catalog, hosted
by the Environmental Data Initiative (https://hubbardbrook.org/data-
catalog/).

Code availability
Data processing and statistical analysis code are publicly available at https://
github.com/arp264/HBEF_soil_respiration.
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