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ABSTRACT

Roots contribute a large fraction of CO, efflux from soils, yet the extent to which global change factors affect root-derived fluxes

is poorly understood. We investigated how red maple (Acer rubrum) and red oak (Quercus rubra) root biomass and respira-

tion respond to long-term (15years) soil warming, nitrogen addition, or their combination in a temperate forest. We found that

ecosystem root respiration was decreased by 40% under both single-factor treatments (nitrogen addition or warming) but not

under their combination (heated X nitrogen). This response was driven by the reduction of mass-specific root respiration under

warming and a reduction in maple root biomass in both single-factor treatments. Mass-specific root respiration rates for both

species acclimated to soil warming, resulting in a 43% reduction, but were not affected by N addition or the combined heated x N

treatment. Notably, the addition of nitrogen to warmed soils alleviated thermal acclimation and returned mass-specific res-

piration rates to control levels. Oak roots contributed disproportionately to ecosystem root respiration despite the decrease in

respiration rates as their biomass was maintained or enhanced under warming and nitrogen addition. In contrast, maple root

respiration rates were consistently higher than oak, and this difference became critical in the heated X nitrogen treatment, where

maple root biomass increased, contributing significantly more CO, relative to single-factor treatments. Our findings highlight

the importance of accounting for the root component of respiration when assessing soil carbon loss in response to global change

and demonstrate that combining warming and N addition produces effects that cannot be predicted by studying these factors in

isolation.

1 | Introduction

Soil respiration releases 83-108 Pg Cyear~! globally, an amount
that exceeds CO, fluxes from fossil fuel combustion by an order

© 2024 John Wiley & Sons Ltd.

of magnitude (Hanson et al. 2000). As such, factors that influ-
ence the magnitude of soil respiration can potentially affect the
pace of climate change (Janssens et al. 2010; Melillo et al. 2017).
Root respiration, which makes up 40%-60% of total soil
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respiration (K. Savage, Davidson, and Tang 2013; Schindlbacher,
Zechmeister-Boltenstern, and Jandl 2009), frequently influences
soil respiration rates observed under warming (Burton, Melillo,
and Frey 2008; Jarvi and Burton 2020; Melillo et al. 2011) and
simulated atmospheric nitrogen (N) deposition (Zhang et al.
2019; Zogg et al. 1996). While numerous studies and synthe-
ses have been done to look at warming or N addition effects on
total soil respiration, we know far less about how the plant root
component of respiration will respond, making this a critical
research priority for understanding the true potential of soil
CO, flux.

Prior studies have shown that decreases in fine root biomass
due to soil warming (Melillo et al. 2011) and N addition (Mo
et al. 2008) result in decreased ecosystem root respiration (i.e.,
takes into account both mass-specific root respiration and root
biomass). For example, under long-term soil warming in tem-
perate forests, fine root biomass typically decreases (Melillo
et al. 2011; Parts et al. 2019) while rates of mass-specific respi-
ration may acclimate to warmer temperatures (Burton, Melillo,
and Frey 2008; Jarvi and Burton 2013, 2020), resulting in sub-
stantive reductions in overall root respiration. Several studies
predict that increases in soil respiration from warming could
add over 190 Pg of soil carbon (C) to the atmosphere over the
21st century, equivalent to the past two decades of fossil fuel
combustion (Melillo et al. 2017), owing to greater microbial
respiration. Thus, the decrease in root respiration serves as a
moderating force against the warming-induced acceleration of
microbial respiration, dampening the potential soil CO, flux
(Tjoelker 2018). On the other hand, simulated atmospheric
N deposition can reduce total soil respiration by up to 22% by
suppressing microbial respiration (Bowden et al. 2004; Frey
et al. 2014; Zhang et al. 2019).

The effects of soil warming and N enrichment on roots may
be linked since warming typically increases N availability by
stimulating microbial-mediated N mineralization. The shift in
N availability could alter the C economy of trees, leading to
changes in root activity and overall soil respiration rates by al-
leviating both temperature (Saxe et al. 2001) and N constraints
(E. Bai et al. 2013; Butler et al. 2012; Melillo et al. 2011) on
plant growth when combined. Warming combined with N ad-
dition could undermine the ability of roots to mitigate soil res-
piration, potentially amplifying C release (T. Bai et al. 2023;
Knorr et al. 2024). For example, Knorr et al. (2024) report that
the combined effects of soil warming and N addition lead to
soil respiration rates that are 1.6 times greater than warm-
ing alone and appear to negate the plant root processes that
decrease root respiration under warming and N addition in
isolation. This suggests that roots may be exacerbating soil
respiration rates induced by warming under increased N
availability.

Fine roots of trees have distinct functional roles in tree nutri-
tion and because their primary function is to acquire and store
nutrients, they are prone to changes in soil nutrient cycling
imposed by soil warming and N addition. Absorptive roots,
typically first-, second-, and third-order roots (McCormack
etal. 2015), are the most active fraction of root systems and are
essential for acquiring soil N directly by increasing the total
volume of soil explored by roots (they account for over 75% of

fine root length; Guo, Mitchell, and Hendricks 2004; Ostonen
et al. 2007) and indirectly through mycorrhizal colonization
(Tibbett 2000). Likewise, absorptive roots are responsible for
most root respiration (Jia et al. 2013; Pregitzer et al. 1998), and
because absorptive roots are sensitive to changes in both N
availability (Liu et al. 2015) and temperature (Zogg et al. 1996),
they may be an overlooked mediator of the temperature sensi-
tivity of soil respiration under differential soil N availability.
On the other hand, transport roots are longer lasting and are
essential in relocating and storing the nutrients that absorp-
tive roots acquire (Freschet and Roumet 2017; McCormack
et al. 2015). Thus, expanding the absorptive fine root system
in response to warming and N addition could amplify total
soil respiration more than an expansion of the transport root
system would, due to the inherently higher respiratory activ-
ity associated with absorptive fine roots.

Changes in absorptive root biomass in response to soil N avail-
ability can vary depending on tree species, such as the Acer spp.
(maple) and Quercus spp. (oak), which are commonly found in
the Eastern United States (Bergmann et al. 2020; Keller and
Phillips 2019; McCormack et al. 2015). Maples are typically as-
sociated with arbuscular mycorrhizal (AM) fungi, while oaks
are predominantly colonized by ectomycorrhizal (EM) fungi,
with these two tree species having contrasting strategies for ac-
quiring soil nutrients. Maples efficiently scavenge inorganic N
that is made available through N mineralization by other soil
microbes (Eissenstat et al. 2015), and tend to have greater fine
root production and turnover to maximize foraging under vari-
able N availability relative to oaks (Chen et al. 2016; Chen, Koide,
and Eissenstat 2018). In contrast, oaks rely more on their fungal
symbionts to access organic N sources directly from organic
matter, often reducing the need for extensive fine root growth.
Consequently, oaks may invest less C in fine root production and
rely more heavily on the foraging of EM fungi to acquire N from
organic sources (Chen et al. 2016; Jevon and Lang 2022). Soil
inorganic N availability may interact with tree species to control
plant C allocation belowground, which, in turn, could modulate
the response of soil respiration to long-term warming and soil N
addition. If warming and N addition increase inorganic N avail-
ability, oaks may be disadvantaged (Jo et al. 2019), leading them
to acquire soil organic N by expanding their absorptive root sys-
tem (Cheng et al. 2016), thereby increasing root respiration.

Despite the critical role of root respiration in soil C dynamics,
most studies generalize fine root system responses to environ-
mental changes, often neglecting functional responses and
species-specific variation. This oversight can obscure how dif-
ferent species adjust their root systems to soil warming and N
addition. In the present study, we hypothesized that N addition
and warming would decrease root respiration but only when
the treatments were applied alone and not in combination.
To address this, our study at the Harvard Forest Long-Term
Ecological Research (LTER) site focused on maples and oaks to
systematically evaluate the effects of warming, N addition, or
their combination on the biomass of absorptive and transport
fine roots at the species level. By measuring these root types, as-
sessing mycorrhizal colonization, and evaluating mass-specific
respiration rates, we aimed to elucidate how tree species with
distinct root dynamics influence soil respiration and ecosystem
C fluxes.
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2 | Methods
2.1 | Study Area and Sample Collection

Soil samples were collected in July 2020 from the Soil
Warming X Nitrogen Addition Study located on the Prospect
Hill Tract of the Harvard Forest LTER site in Petersham,
Massachusetts, USA (42°50’ N, 72°18’ W). The forest is catego-
rized as an ectomycorrhizal (EM)-dominated temperate decid-
uous forest (>70% EM-associated trees by basal area; Keenan
et al. 2012) and is composed of even-aged, mixed hardwoods,
including red oak (Quercus rubra), black oak (Q. velutina), and
red maple (Acer rubrum). Within the stand, the most domi-
nant EM tree is Q. rubra (52% of the basal area) and the most
dominant AM tree is A. rubrum (22% of the basal area). Soils
are of the Gloucester series (fine loamy, mixed, mesic typic
Dystrochrepts) and are shallow, with rocky glacial deposits
starting within ~20-30 cm of the soil surface. Mean annual air
temperature is 7°C and average total annual precipitation (in-
cluding snowfall) is 1100 mm (Boose and Gould 2021). Mean
annual air temperature has increased by +0.02°Cyear~! and
total annual precipitation by +6.9mmyear~! when consid-
ering the past 52-year record at Harvard Forest (1964-2015;
Finzi et al. 2020).

The experiment is a full factorial design composed of twenty-
four 3x3m plots randomly assigned to one of four treatments:
control, N addition, heated, and heated XN, with six replicates
per treatment (Contosta, Frey, and Cooper 2011). Soil tempera-
ture in all heated plots is continuously elevated 5°C above am-
bient conditions using buried heating cables placed 10cm below
the soil surface and spaced 20cm apart. Heating cables were
buried in 2005 and turned on in 2006. N additions were initiated
in 2006, with N being applied in equal monthly doses during the
growing season (May-October) as aqueous NH,NO, at a rate of
50kgNha-lyear.

Two individual soil samples were taken per treatment plot,
starting with a 10cm X 10cm organic horizon “brownie” fol-
lowed by 0-10 and 10-20cm of mineral soil sampled using
a Giddings slide hammer coring tool (5.7cm inner diameter;
Giddings Machine Co., Windsor, CO). Plot replicates were not
bulked, and all samples were processed and analyzed sepa-
rately. Thus, the full sampling design was four treatments X six
replicates per treatment X two plot replicates X three depth in-
crements, with the exception that one heated plot has been
nonfunctional since 2009 and was excluded, leading to a total
of 138 samples. Samples were stored at 4°C and processed
within 1 week.

2.2 | Fine Root Biomass

Fineroots (< 2 mm diameter) were separated from fresh soil using
forceps following the classification proposed by McCormack
et al. (2015). Briefly, soil samples were placed onto a clean 2mm
sieve. Roots were picked gently from the soil, separating live root
tissues into either absorptive (first, second, and third order) or
transport root (fourth and fifth order) functional types based on
branching order. Absorptive roots were further divided into tree
species (maple or oak) based on color, morphology, and presence

of EM or AM associations. Specifically, oak roots (Quercus spp.)
were separated based on their darker color, root branching, and
number of root tips. In contrast, maple roots (AM-associated)
were identified based on lighter color and larger diameter char-
acteristics. A stereomicroscope was used to aid the visualization
and sorting of fine roots and confirm mycorrhizal status. Roots
were picked in 5-min intervals, recording the mass returned
after each interval until a period of stabilized diminishing re-
turns was reached. Dead roots were identified and discarded
based on their dark discoloration, poor adhesion between the
stele and cortex, and brittleness (Persson and Stadenberg 2009).
Fine roots from each functional pool (absorptive vs. transport)
and species (oak vs. maple) combination were cleaned with de-
ionized water to remove soil and organic debris, dried at 60°C,
and weighed. Absorptive roots were finely ground using a
stainless-steel ball mill grinder, and N concentrations were de-
termined using a Perkin Elmer 2400 Series II CHN Elemental
Analyzer.

2.3 | Mycorrhizal Colonization and Biomass

To evaluate the response of EM and AM fungi to soil warming,
N addition, or their combination, we employed distinct method-
ologies reflective of their unique biological characteristics. We
used visual morphotyping to enumerate the number of root tips
colonized by EM fungi based on their physical traits. During
root processing, a random subsample of oak (EM-associated)
absorptive fine roots from the organic horizon was collected,
washed gently with D.I. water, and stored in 2x CTAB solution
(100mM Tris-HCI (pH 8.0), 1.4M NacCl, 20mM EDTA, 2% cet-
yltrimethylammonium bromide). EM colonized root tips were
visually morphotyped based on color, ramification, and hyphal
color (Agerer 2001). At least 100 root tips were counted per sam-
ple, and the number of root tips colonized was divided by the
total number of root tips counted to determine EM colonization
rate. Phospholipid fatty acid (PLFA) analysis using the 16:1w5
biomarker was selected to detect changes in AM fungal bio-
mass. Briefly, 1g of organic horizon soil was extracted using a
mixture of citrate buffer, methanol, and chloroform and shaken
for 24 h. Extracts were converted to fatty acid methyl esters and
transferred to 2-mL glass vials prior to analysis via gas chroma-
tography-mass spectrometry. Specific details on the method
used to determine AM fungal biomass and the full PLFA data
set are available in Stoica et al. (2023). While it is recognized
that some bacteria also possess this lipid biomarker (Olsson and
Lekberg 2022), potentially complicating its use as a definitive
metric of AM biomass, our application of this method aims to
provide a general indication of root-fungal response to global
change. Here, we combined the PLFA approach with the exam-
ination of fine root associations to discern patterns of tree root
response to soil warming and N addition and focus less on the
PLFA biomarker as an absolute metric of AM biomass.

2.4 | Root Respiration

Starting in spring 2021, fine roots were collected the first week
of each month during the growing season (May-October) from
the organic horizon of each plot to measure root respiration using
a standard approach (Burton, Melillo, and Frey 2008; Paradiso,
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Jevon, and Matthes 2019). This process involved removing the
litter layer until one maple and one oak absorptive root system
were identified. Roots (at least 10cm long) were collected within
2-5cm of the soil surface, severed, immediately transported to an
onsite field facility, and confirmed for species identity. Roots were
then carefully cleaned to remove organic debris, and respiration
rates were determined within 15min of collection. Previous work
on fine roots has indicated that rates of root physiological traits at-
tenuate after 2h (Bloom and Caldwell 1988), and specifically, root
respiration in temperate forests has been shown to remain sta-
ble for up to 4h following removal from soil (Burton et al. 2002).
To measure root respiration, absorptive roots were individually
inserted into a sealed glass chamber (175mL) connected using
polyethylene tubing (19mL) to a LICOR 8100a field infrared gas
analyzer (LI-COR Biogeosciences) that measured CO, concentra-
tions every second for a 5-min interval. Each interval contained
a 15-s chamber prepurge and a 15-s chamber postpurge. We fo-
cused our measurements on absorptive fine roots to standardize
the process between tree species (Freschet and Roumet 2017;
McCormack et al. 2015). Upon returning to the laboratory, roots
were stored at 4°C for up to 1week before being dried at 60°C for
48h for determination of dry mass.

We calculated specific root respiration by fitting a linear
model to the relationship between time and CO, concentra-
tion (ppm) within the glass chamber using Soil Flux Pro (v4.0;
Li-COR, Lincoln, Nebraska) and then converting the slope of
this linear model to CO, respiration flux in nmol CO,s™. We
divided root respiration measurements by dry root biomass
to quantify mass-specific root respiration (nmol CO,g™'s™).
Mass-specific root respiration was scaled to the ecosystem
level (hereafter “ecosystem root respiration”) as the product of
specific fine-root respiration (nmol CO,g~'s™!) and absorptive
root biomass (gm~2), expressed as nmol CO,g™'m=>s~! for
each tree species (Jarvi and Burton 2020; Melillo et al. 2011;
Tunison et al. 2024).

2.5 | Statistical Analysis

Analysis of variance (ANOVA) was used to determine the
effects of treatment (heat, N addition, heatxN), soil depth
(organic horizon and 0-10 and 10-20cm mineral soil), root
type (absorptive or transport), tree species (oak or maple), and
their interactions on measured response variables. A second
ANOVA model was used to test the effects of treatment, tree
species, sample date, and their interactions on specific and
ecosystem root respiration. Per plot replicates were averaged
to obtain one plot measure for each response variable sam-
pled. All model assumptions of the ANOVA were evaluated,
and a square root transformation of variables was used to
improve model fit when ANOVA model assumptions failed.
Additional post hoc comparisons were made between groups
by using Tukey's honest significant difference test using the
“emmeans” package in R (R Core Team 2022). Finally, we per-
formed Pearson's correlations for each treatment to test the
relationship between soil temperature and mass-specific root
respiration rates. Soil temperature data were obtained from
Knorr et al. (2024). We also tested the relationship between
biotic (absorptive root biomass, mycorrhizal colonization, bio-
mass, and respiration rates) and soil nutrient availability. In

all cases, we assessed significance at « =0.05 and reported any
significant relationships.

3 | Results

Total fine root biomass across the soil profile was significantly
reduced when soils were heated, regardless of N fertilization
status (Figure 1). This result was driven by a significant interac-
tion between heat x sample depth (p=0.011; Table S1) such that
total fine root biomass in the organic horizon was 45% lower
in heated relative to control plots (Figure S1). Additionally, the
depth of the organic horizon significantly decreased with warm-
ing (Table S5) and was the only edaphic property to vary be-
tween treatments, reducing the total volume available for roots
in the organic horizon of heated plots.

We observed a significant interaction between heatXxroot
functional type (p <0.0001; Table S1). This was driven by a de-
cline in total transport root biomass in all heated plots (heated
and heated X N) relative to the control and N-only treatments
(Figure 2). In contrast, total absorptive root biomass was not
significantly altered. Transport root biomass was significantly
greater than absorptive root biomass in control and N addition
treatments; however, absorptive root biomass was equal to the
transport root biomass in all heated plots (Figure 2; heated-only
and heated X N). These overall patterns were driven by changes
in the organic horizon which contained more than half of ab-
sorptive (55%-68%) and transport (49%-53%) fine root biomass
(p<0.0001; Figure S2). Thus, more root biomass is stored as
transport fine roots under ambient temperature conditions (i.e.,
control and N addition treatments). When heat is added to the

500

400

300

200

Root Biomass (g m'z)

100

Heated x N

Control

Nitrogen Heated

FIGURE 1 | Total fine root biomass in response to N addition
(Nitrogen), soil warming (Heated), or their combination (Heated X N).
Total root biomass is the sum of absorptive and transport roots across
the depths sampled (organic horizon, 0-10 and 10-20cm of mineral
soil). Different letters indicate significant differences across treatments
(<0.05). Reported values represent the mean +one standard error.
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Absorptive
300

Transport

200

100

Root Biomass (g m 2)

FIGURE2 | Absorptiveand transportroot biomass in response to N addition (Nitrogen), soil warming (Heated), or their combination (Heated X N).
Absorptive and transport root biomass is the sum of each functional root class (absorptive vs. transport) across the depths sampled (organic horizon,
0-10 and 10-20cm of mineral soil). Different letters indicate significant differences across treatments, whereas an asterisk (*) indicates significant
differences between root types within a treatment (¢ <0.05). Reported values represent the mean + one standard error.

150 Maple

100

Absorptive-Root Biomass (g m‘z)
3

FIGURE 3 | Absorptive root biomass of maple (AM) versus oak (EM) trees in response to N addition (Nitrogen), soil warming (Heated), or their
combination (Heated X N). Absorptive and root biomass maple and oak is the sum of each root species (maple vs. oak) across the depths sampled
(organic horizon, 0-10 and 10-20 cm of mineral soil). Letters indicate significant differences between treatments and tree species, whereas an asterisk
(*) indicates significant differences between tree species within a treatment (¢ <0.05). Reported values represent the mean + one standard error.

system, a greater proportion of fine root biomass is allocated to
absorptive roots at the cost of decreased transport root biomass.

The overall lack of change in the absorptive root biomass frac-
tion was due to the differential effects of heat and N addition on

the two predominant tree species (oak vs. maple). There was a
significant depth X tree species interaction (p <0.0001; Table S2)
such that the majority of oak absorptive root biomass was found
in the organic horizon (67%-88%), whereas greater than half of
the maple root biomass (45%-64%) was found in the mineral soil
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layers (Figure S2). We observed a three-way interaction between
heatx N addition X species indicating a restructuring of species
composition of absorptive root systems (p<0.0001; Figure 3,
Table S2). Under control conditions, oak and maple trees main-
tained equal root biomass (p=0.1128). This was reversed in
the single-factor treatments (Figure 3) whereby the heated or N
addition-only treatments had greater oak root biomass relative to
maple root biomass (p <0.0001; Figure 3). However, when heat
and N addition were applied simultaneously, oak root biomass
significantly decreased such that the combination treatment
(heated X N) stored equal amounts of oak and maple absorptive
fine roots (p=0.2830). Taken together, oak absorptive root bio-
mass is maintained or enhanced under heat or N additions only.
However, the combination of heat and N simultaneously interact
to decrease oak root biomass while increasing the proportion of
maple root biomass.

Metrics of mycorrhizal associations varied between treat-
ments and tree species. There was a significant interaction be-
tween heat and N addition on EM root tip colonization rates
(p<0.0001), with EM colonization declining in response to the
single-factor treatments (heat or N only). In contrast, the com-
bination treatment (heated X N) returned EM colonization rates
to control levels (Figure 4a). AM fungal biomass was unaffected
by heat or N addition alone, but their combination (heated x N)
led to a significant decrease in AM fungal biomass relative to
the control (Figure 4b). We observed a significant positive cor-
relation between maple absorptive root biomass and EM root tip
colonization rates (Figure S4; p=0.0017, r>=0.38).

Finally, we observed changes in mass-specific and ecosys-
tem fine-root respiration that were mediated by tree species.
Maple roots had greater respiration rates compared to oak roots
(p=0.001; Table 1, Table S3). For both tree species, there was a

AMF Biomass (ug g‘1soil)

significant interaction between heat and N addition (p =0.0002)
such that specific root respiration was significantly reduced
by warming relative to the control and heated XN treatments.
Similarly, root N content was significantly reduced in single-
factor treatments but only compared to roots found in heated X N
(Figure S3). Root N content was not significantly correlated with
specific root respiration rates (p =0.0716). Sampling date signifi-
cantly influenced mass-specific root respiration, with the great-
est rates occurring during the summer (June-August). However,
we did not observe a significant interaction between sample date
and treatments (p =0.6660). The separation between the heated
and heated X N treatment was apparent throughout the duration
of the study (Figure 5a, p <0.0001). There was a significant pos-
itive relationship between soil temperature and mass-specific
root respiration rates that was apparent in the heated (Figure 5b,
p=0.0388) and heated X N plots (p =0.0174), although these rela-
tionships have low predictive power (R>=0.08).

We scaled mass-specific respiration to the ecosystem level by
accounting for the relative biomass of maple and oak absorptive
fine roots within each plot. The cumulative contribution of eco-
system fine-root respiration from maple and oak tree roots in
control plots was 50.4mg CO,-Cg~'m~2h~! (Table 1). Ecosystem
root respiration was reduced by 40% in both heated-only and
N-only treatments. There was a significant interaction between
heatx N addition x species (p=0.0177; Table S3) that returned
ecosystem root respiration to control conditions in the combi-
nation treatment (heated XxN). Absorptive root respiration of
oak roots accounted for over 60% of ecosystem root respiration
(p<0.0001; Table S3). For both tree species, ecosystem root res-
piration was reduced in the single-factor treatments (heat or
N addition alone), although this was most pronounced in the
maple roots (Table 1) which accounted for 60% of the reduction
in CO, flux from roots.

100

a ~
o [é)]

Ectomycorrhizae Root Tip Colonization (%)
N
)]

FIGURE4 | Effectsof N addition (Nitrogen), soil warming (Heated), or their combination (Heated X N). (a) Arbuscular mycorrhizal fungal (AMF)
biomass assessed via phospholipid fatty acid (PLFA) analysis, and (b) ectomycorrhizal colonization rates. Letters indicate significant differences

between treatments (& < 0.05). Reported values represent the mean + one standard error.
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TABLE 1 | Mass-specific and ecosystem root respiration rates for maple and oak trees. Total ecosystem root respiration rates represent the sum
of maple and oak ecosystem root respiration. Significant differences (o <0.05) between treatments are indicated by different letters. Reported values

represent the mean + one standard deviation.

Mass-specific root respiration

Ecosystem root respiration

(nmol CO, g™'s™)

(mg CO,-Cm~—2h™)

Treatment Maple Oak Maple Oak Total
Control 159+72a 12.1+6.7a 15.8+15.1a 34.6x24.7a 50.4+39.8a
Nitrogen 14.0+6.6 ab 10.5+5.7 ab 5.6+3.8b 247+144a 30.3+18.2b
Heated 11.2£7.0b 8.3+4.4b 54+7.36b 246+151a 30.0£22.7b
Heated XN 16.0t14.6a 13.7+7.5a 16.3+16.8a 28.9+22.7a 45.2+39.4 ab
a —~

» 30 30

_E g Treatment

.g 20 g @ Control

.-‘g_ § -l Nitrogen

? g 0 Heated

§ 3 A Heated x N

5 10

£

b

—~ 30

8 —| Heated

£ 20 —| Heated x N

g [e] Control

£ 1= | Nitrogen

E B ¢| Heated

g |A] Heated x N

é 0 ® Heated: p = 0.038, r2 = 0.08

N7 N N

Soil Temperature (°C)

Heated x N: p = 0.017, r2 = 0.08

FIGURE 5 | Mass-specific root respiration over the growing season and its relationship with soil temperature. (a) Temporal dynamics of mass-
specific root respiration between May and October (points) and average soil temperature in unwarmed and warmed plots (lines). p-values indicate
the effects of sample date, treatment, and their interaction on mass-specific root respiration rates. Reported values represent the mean + one standard
error. (b) Relationships between soil temperature and mass-specific root respiration rates over the duration of the growing season by treatment. p-

values indicate the significance of the relationship between soil temperature and root respiration.

4 | Discussion

Fine roots of trees make up 40%-60% of total soil respiration,
yet the extent to which global change factors can interactively
affect root respiration and ecosystem C fluxes is poorly un-
derstood. In this study, we showed that soil warming signifi-
cantly reduced root biomass due to the loss of transport roots.
Although absorptive root biomass remained stable, there was
a treatment X species interaction where the single-factor treat-
ments supported greater oak absorptive root biomass while

their combination (heated X N) was not significantly different
from control levels. Consistent with previous studies (Jarvi and
Burton 2013, 2020; Tunison et al. 2024; Zogg et al. 1996), we
found that mass-specific respiration rates were significantly
reduced when soils were warmed. However, we show that
when N is added to warmed soils (heated X N), a synergistic
interaction occurs (Table S4), returning fine-root respiration
to control levels. This was attributed to two key factors: (1) an
interaction between treatment X species on root biomass allo-
cation, and (2) the mitigation of the warming effect on specific
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root respiration. Our results only partially supported our hy-
pothesis that the plant root component of respiration would
be significantly enhanced under simultaneous warming and
N addition, exacerbating the temperature sensitivity of soil
respiration. Instead, maple root respiration in the heated x N
treatment was significantly greater than warming alone, par-
tially helping to explain the elevated respiration found in the
combination treatment at our site (Knorr et al. 2024). Our re-
sults demonstrate that the interactions among global change
factors yield species-specific ecosystem responses that are
unique to those found in isolation (i.e., warming or N addition
alone).

We observed stable fine root biomass under N addition and de-
creased fine root biomass under warming (Figure 1). Previous
research at our field site found increased NH} concentrations
in N addition plots and increased N mineralization rates in
heated plots, which also increased inorganic N concentra-
tions (Contosta, Frey, and Cooper 2011). In temperate forests,
N limitation of plant growth can be alleviated by N addition
(Aber et al. 1998; Magill et al. 2000; Nadelhoffer, Aber, and
Melillo 1985; Nadelhoffer and Raich 1992) or soil warming
(Dawes et al. 2017). In our study, the decrease in fine root
biomass was driven by the main effect of heat on transport
fine roots (Figure 2), which aligns with a previous study that
reported that transport (but not absorptive) roots decreased
under warming (Parts et al. 2019). In contrast to previous stud-
ies (W. Li et al. 2015), we found no effect of N addition on fine
root biomass, indicating that increased N availability due to
long-term warming may not be an important factor controlling
standing root biomass. However, because we did not measure
fine root production and turnover, it is unclear whether over-
all belowground C allocation changed. While both N addition
(X. Li et al. 2021; Nadelhoffer 2000; Nadelhoffer, Aber, and
Melillo 1985) and warming (Kwatcho Kengdo et al. 2022; Majdi
and Ohrvik 2004) can increase fine root growth by alleviating
N limitation, soil warming also introduces other stresses that
may increase root mortality, including water stress, embolism
(Sperry, Stiller, and Hacke 2002; Wang et al. 2021), and expo-
sure to freeze-thaw cycles (Sanders-DeMott et al. 2018). At
the time of our root sampling, no differences in soil moisture
content or soil nutrient availability were observed (Table S5).
However, a nearby soil warming experiment demonstrated
a reduced capacity of soils to maintain moisture (Werner,
Sanderman, and Melillo 2020), suggesting that water stress in
our plots may have gone undetected. Increased mortality as-
sociated with warming would be more apparent in long-lived
transport fine roots (> 8years) compared to absorptive roots
(0-1.5years) and would affect overall patterns of belowground
C flux. Evaluating fine root production and mortality could
address these gaps and refine our understanding of root dy-
namics on soil C in the context of global change factors.

The lack of change in total absorptive fine root biomass
across treatments in our study resulted from contrasting re-
sponses of maple and oak absorptive roots to N addition and
warming (Figure 3), potentially due to differences in the
suite of belowground traits these trees use to acquire soil N
(Bergmann et al. 2020; Cheng et al. 2016; Phillips, Brzostek,
and Midgley 2013). Belowground nutrient acquisition strate-
gies of oaks rely on the slow mineralization of soil organic N

that can be accessed by some EM fungi, along with the sup-
pression of saprotrophs (Van Nuland et al. 2023). In contrast,
nutrient acquisition of maples favors scavenging N mineral-
ized by other soil microbes (Chen et al. 2016; Chen, Koide, and
Eissenstat 2018). We observed a strong influence of N addition
and warming on the root biomass of oak. Under the single-
factor treatments in our study (N addition or warming alone),
the biomass of oak absorptive roots increased at the expense
of maple absorptive roots (Figure 3). Enhanced oak root bio-
mass under warming may signal belowground overyielding
of oak trees to compensate for greater N competition with
maple (Schuster et al. 2022; Valverde-Barrantes et al. 2015).
At the same time, EM fungal colonization of oak roots was
significantly reduced in the single-factor treatments. The
competition between oaks and maples is highlighted in the
relationship between maple absorptive root biomass and EM
colonization rate on oak roots (Figure S4; p=0.0017, r>=0.38).
Thus, oak may increase fine root biomass as an inorganic N ac-
quisition mechanism while reducing EM fungal colonization,
owing to absorptive root efficiency in scavenging inorganic N
mineralized by other soil microbes (Cheng et al. 2016). The
absence of a similar response in maple suggests less respon-
siveness to N addition and soil warming, at least in terms of
fine root biomass. The simultaneous increase in microbial ac-
tivity (DeAngelis et al. 2015; J. Li et al. 2019; Pold, Melillo,
and DeAngelis 2015; Pold et al. 2017), shifts in saprotrophic
fungal community composition (Anthony et al. 2021; Pec
et al. 2021), and enhanced N mineralization rates (Contosta,
Frey, and Cooper 2011) in response to long-term soil warming
at our study site likely enhance soil inorganic N sufficiently
to alleviate N demand for maple trees while imposing greater
N competition on oak trees as their nutrient acquisition strat-
egy become less efficient under enhanced soil inorganic N
availability.

We observed a general pattern of declining mycorrhizal biomass
and colonization in single-factor treatments but a mycorrhi-
zal type-specific response under their combination (Figure 4).
This aligns with prior research indicating that soil inorganic N
enrichment can reduce mycorrhizal fungal biomass (Lilleskov
et al. 2019; Suz et al. 2021) and alter community composition
(Anthony et al. 2021; Frey et al. 2004; Morrison et al. 2016;
Pec et al. 2021). The mechanisms behind this response include
the direct effect of N on fungal growth (Morrison et al. 2018),
indirect effects through changes in host plant physiology
(Fleischer et al. 2013; Magill et al. 2000) or localized changes
in soil chemistry (Grandy et al. 2008; Magill et al. 1997). For
example, elevated levels of available N can reduce plant reliance
on mycorrhizal fungi for nutrient acquisition (Brzostek, Fisher,
and Phillips 2014), thereby diminishing the C allocated to these
fungi. Interestingly, the addition of N to warmed soils further
reduced AM fungal biomass but returned EM colonization rates
back to control levels (Figure 4). The contrasting response of AM
and EM fungi to the combination treatment may be due to the
affinity these differing mycorrhizal fungi have for high levels
of inorganic nutrients (Ma et al. 2021). Although the heated xN
treatment increased colonization back to control levels, previ-
ous research at our site documented that EM fungal commu-
nities are less diverse in the heated XN plots compared to the
control (Anthony et al. 2021). Thus, the differential shifts in be-
lowground nutrient acquisition strategies of maple versus oak
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observed in our study may reflect broader ecological patterns
between trees and their associated mycorrhizal fungal partners
in response to global change factors.

Our study identified a reduction in mass-specific root respiration
that mitigates the increase in oak fine root biomass in warmed
plots. Specifically, we observed that mass-specific respiration
decreased under warming but returned to control levels when N
was applied simultaneously, regardless of tree species. This pat-
tern was consistent across the months when root respiration was
sampled (Figure 5a). The reduction in respiration under warm-
ing, contrary to expectations of increased respiration due to tem-
perature sensitivity (Tjoelker, Oleksyn, and Reich 2001), may be
attributed to long-term thermal acclimation (Sun et al. 2023;
Tjoelker 2018). Over time, root metabolic processes may ad-
just to maintain efficiency at elevated temperatures, resulting
in downregulated respiration rates despite higher soil tempera-
tures. This response aligns with previous findings of acclimation
of root respiration in response to soil warming (Burton, Melillo,
and Frey 2008; Jarvi and Burton 2013, 2020; Wang et al. 2021),
where the root-level metabolic response was observed not to be
species specific (Jarvi and Burton 2018). Thermal acclimation
may help prevent excessive C loss from roots in heated plots,
as indicated by a weak but positive relationship between soil
temperature and mass-specific root respiration in heated plots
(Figure 5b). However, the relationship suggests that while accli-
mation has occurred, further temperature increases could still
elevate CO, emissions from roots.

Interestingly, the observed respiratory acclimation was allevi-
ated when N was added to warmed soils. We hypothesize that
this may be due to interactions with mycorrhizal fungi, as EM
colonization rates declined under both N addition and warming
but were comparable to control levels when both factors were
applied together. The higher respiratory costs in the control
and heated XN treatments could reflect a greater demand for
nutrient acquisition compared to the single-factor treatments.
Additionally, the pattern of root respiration mirrored root N
concentrations, which in the heated X N combination treatment
was not significantly different from the control, but higher
than in either single-factor treatment. Since root N content has
been shown to be positively correlated with respiration (Burton
et al. 2002; Han and Zhu 2021; Pregitzer et al. 1998), this re-
lationship could explain the alleviation of acclimation in the
combined treatment. However, because roots used for respira-
tion and N measurements were collected at different times, their
relationship was not fully captured as we did not find a strong
relationship between the two (p=0.0716, r>=0.22).

After scaling up from root- to ecosystem root respiration (by
accounting for the respective biomass of maple and oak absorp-
tive roots in each treatment), we found a decrease in ecosys-
tem fine-root respiration for both the N addition and warming
single-factor treatments (Table 1). In the present study, we an-
ticipated that increased N availability due to both N addition
and warming would lead oak trees to increase fine root biomass,
potentially increasing ecosystem root respiration. Indeed, oak
fine root biomass significantly increased relative to maple roots
under N addition and warming. Nevertheless, the observed
physiological reduction in mass-specific root respiration in oak
was sufficient to offset the expected increase in ecosystem-level

respiration, leading to no significant differences in ecosystem
respiration despite the rise in absorptive root biomass. Contrary
to our expectations, the largest increase in root respiration
was due to the proliferation of maple roots in the combination
treatment (heated XN plots). Because maple roots had greater
mass-specific respiration rates, a smaller change in maple root
biomass yielded a proportionally larger effect when scaled to the
ecosystem level relative to the contribution of oak roots. Both the
relative biomasses of maple and oak roots and the acclimation of
mass-specific respiration rates that constrained ecosystem root
respiration in single-factor treatments were ameliorated when
N was applied simultaneously to heated soils, thus returning
ecosystem root respiration to control levels in the combination
treatment (Table 1).

We acknowledge that our root respiration measurements, par-
ticularly after excising, sorting, and cleaning roots, may have
introduced variability in respiration rates. This potential al-
teration of respiration rates, along with the extrapolation of
measured rates to the ecosystem level, presents a limitation of
our study. To contextualize our findings, we compared our es-
timates of fine root respiration with previously published eco-
system soil respiration measurements made at our study site.
Total soil respiration under control conditions is estimated to
be 125-156 mg CO,-Cm~2h~! (Contosta, Frey, and Cooper 2011;
Knorr et al. 2024). Nitrogen addition decreased soil respiration
by 4%, whereas warming increased it by 15%. Using our mea-
sures of ecosystem root respiration (Table 1), we estimate that
the relative contribution of roots to total soil respiration is ap-
proximately 32% in control plots, while being 16%, 25%, and 24%
in the N addition, heated, and heated XN plots, respectively.
Our estimates of the root contribution to total soil respiration
in control plots align closely with earlier estimates taken under
ambient conditions at Harvard Forest where it was determined
that roots accounted for 33% of total soil respiration in a decidu-
ous forest stand (Bowden et al. 1993). Likewise, root respiration
composed 26% of soil respiration under ambient conditions, de-
creasing to 17% in the heated plots of a single-factor soil warm-
ing experiment at Harvard Forest (Melillo et al. 2011).

To assess the potential influence of plot size on our results,
we compared our data with those collected the same year at
a nearby soil warming experiment consisting of 900m? plots
that encompass entire trees and where soils had been warmed
for 20years at the time of sample collection (Chari et al. 2024).
Observations from the two experiments (small vs. large plots)
are comparable, with both studies showing a decrease in fine
root biomass under warming driven by a maple-specific reduc-
tion in absorptive roots. Ecosystem root respiration in the larger
plots was 73.3 and 50.2mg CO,-Cm™h™! in the control and
warmed treatments, respectively, consistent with previous data
from this experiment (Melillo et al. 2011) and a similar reduc-
tion in response to warming (Table 1). Thus, our findings, re-
inforced by both previous and new estimates of root respiration
at Harvard Forest, validate the reliability of our small plots in
capturing the nuanced dynamics of root changes under global
change scenarios.

The similarity between root respiration measurements across
plot size and experiment may be more closely associated with an
individual root trait rather than tree responses (Paradiso, Jevon,
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and Matthes 2019). Under ambient conditions, roots are exposed
to spatially variable pressures that shape overall tree nutrient
foraging. Thus, our small plots distributed across the forest floor
are consistent with the patchy nutrients and abiotic gradients
already imposed on tree roots. Numerous studies demonstrate
that leaf litter or fertilizer additions, even at the spatial scale
of ingrowth cores or root bags, affect root foraging traits inde-
pendent of aboveground tree changes (Adams, McCormack,
and Eissenstat 2013; Caplan et al. 2017; Chen et al. 2016; Cheng
et al. 2016; Eissenstat et al. 2015; Liu et al. 2015). For example,
specific root respiration in stands at Harvard Forest was shown
to be more closely associated with localized root traits than tree
species identity (Paradiso, Jevon, and Matthes 2019), suggesting
that shifts in root traits to localized conditions drive root re-
spiratory responses. Furthermore, a meta-analysis of root trait
responses to warming (Wang et al. 2021) and N addition (W.
Li et al. 2015; Ma et al. 2021) documented consistent patterns
across various experimental designs, including both large and
small plots.

While our results provide strong evidence that N addition and
soil warming influence root respiration, it is important to rec-
ognize that nutrient availability and C assimilation are complex
processes. In plant physiology, nutrient availability influences
photosynthesis, which, in turn, impacts C transport from source
organs (leaves) to sink organs (roots) (Bloom et al. 2010; Paul
and Foyer 2001). However, C allocation to roots can also be
regulated by internal plant mechanisms that may not always
align with nutrient levels in the soil (Keller and Phillips 2019).
This raises the possibility of decoupling between soil nutrient
availability and C substrate allocation to roots (Ehtesham and
Bengtson 2017). Such decoupling has been observed when plants
prioritize stress responses or when internal hormonal signals
override external nutrient conditions (J. A. Savage et al. 2016;
Smith and Stitt 2007), and this could be especially relevant in
global change scenarios. For example, plants under nutrient
stress may allocate more C to root growth to enhance nutrient
acquisition, but this can reduce C availability for root respiration
(Bloom, Chapin III, and Mooney 1985; Poorter and Nagel 2000).
This suggests that substrate availability for root respiration may
not be directly tied to soil nutrient conditions but may instead
reflect a combination of internal plant responses, root-microbe
interactions, and environmental conditions. The decoupling be-
tween soil nutrients and root respiration may help explain why
we did not observe significant correlations between soil nutri-
ents and root respiration. Overall, these dynamics highlight the
uncertainty in predicting root respiration solely based on soil
conditions. Simultaneously, evaluating photosynthetic rates,
plant growth, and root respiration across environmental con-
ditions could address these gaps in source-sink dynamics and
improve our understanding of the exchange of C between the
atmosphere and soil.

5 | Conclusion and Future Directions

Our study aimed to more fully understand the soil C response
to global change by addressing the uncertainty of root contri-
butions to soil CO, flux. We do not know the true magnitude of
soil feedback on the climate system because root contributions
to respiration have been overlooked. The observations made in

our study, alongside previous research at our site, reveal that
the temperature sensitivity of soil respiration depends on the
availability of N and is mediated by root-microbe-soil interac-
tions. For instance, 16years of data from our site suggest that
soil warming leads to a loss of soil organic C while increasing
soil respiration (Knorr et al. 2024). In contrast, N enrichment
suppresses soil respiration, resulting in a gain in soil organic
C. Combining warming and N enrichment results in soil respi-
ration rates that are 1.6 times greater than warming alone but
elicit no change in soil organic C (Knorr et al. 2024) suggesting
that the autotrophic component of respiration and/or fresh plant
C inputs in the heated XN treatment is greater than warming
alone. Our results indicate that root respiration is reduced in
single-factor treatments but returns to control levels when in
combination (heated XN). As such, the root component of soil
respiration is partially responsible for the increase in total soil
respiration observed in combination treatment at our site. Taken
together, the additive effects of root and microbial respiration
in heated XN on total soil respiration are far greater than those
observed under warming alone.

Despite the increased total soil respiration observed with simul-
taneous warming and N addition, soil organic C stocks remained
unchanged (Knorr et al. 2024), suggesting that root-derived
inputs may offset C losses. However, the mechanisms behind
this balance remain poorly understood, particularly the role of
root-microbe interactions specific to different tree species (e.g.,
maple vs. oak) in regulating soil organic matter formation and
turnover. This uncertainty highlights the need to investigate
how species-specific interactions contribute to soil C stabiliza-
tion under global change. In particular, understanding how root
inputs from maple or oak contribute to soil C stocks, even as
respiration rates increase. Clarifying this balance is essential, as
the relationship between soil C sequestration and atmospheric C
release will determine the net carbon flux between these major
C sinks under warming and N addition.
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