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Human activities have had complex, long-term impacts on forest function across New England—a trend
expected to continue. To assess these impacts, we conducted a regional-scale modeling study using the
PnET-CN-daily model, simulating multiple scenarios that reflect projected changes in land cover, climate,
and air quality. The results suggest that while New England will continue to serve as a regional carbon sink,
carbon accumulation in the southern portion of the region will slow and may shift to a net carbon source
due to aggressive urban expansion. Carbon dioxide (CO,) fertilization and carbon loss associated with
urbanization are the dominant factors controlling future carbon dynamics. However, CO, fertilization may
diminish over time due to nutrient limitations, while rising temperatures are expected to accelerate soil
decomposition, further increasing carbon loss. The forecasts also show that urbanization will increasingly
affect ecosystem nitrogen storage. Climate change and CO, fertilization along with declining nitrogen
deposition from decreases in fossil fuel use are projected to drive nitrogen oligotrophication—slowing
forest growth and becoming more severe as nitrogen inputs decrease. In addition, urbanization and climate
change are expected to substantially reduce snowpack and shorten snow cover duration in southern New
England, with potential consequences for regional water dynamics. These trends highlight the need to
integrate future climate, air quality, and land-use projections into forest management strategies for both
urban and rural ecosystems.
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Introduction

The northeastern US forest is an important biome in North
America as it plays a critical role in the biogeochemical cycles
of water, carbon (C), and nutrients for the region. However, the
structure and function of northeastern forests have been sub-
stantially impacted by human activities for centuries. Land-use
changes such as deforestation, agriculture, and urban expansion
have directly reduced the forest extent. Satellite images reveal
that New England lost ~129,000 ha (2.8%) of forest cover between
1990 and 2005 [1].

Urbanization also aggravates air pollution and atmospheric
deposition. Industrial activities, electricity generation, and vehi-
cle emissions increase the emissions of air pollutants, which
coupled with urban heat island effects have exacerbated air
quality problems in urban areas. Higher CO, concentrations
in urban landscapes compared with those in surrounding rural
areas, a phenomenon known as the “arban CO, dome”, has been
reported globally [2]. Nitrogen (N) deposition is likewise elevated
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in urban regions due to concentrated anthropogenic emissions
[2]. In contrast, O, exhibits a more complex spatial pattern.
Higher emissions of volatile organic compounds associated with
human activities and higher air temperature are likely to increase
O, formation, while high emissions of nitric oxide (NO) can
consume O, and decrease concentrations, resulting in a shorter
O, lifetime in urban areas [2]. Consequently, the spatial distribu-
tion of O, along an urbanization gradient is largely determined
by the NO/NO, emission rate. In areas with a high NO/NO,
ratio, O, concentrations tend to decrease with increasing imper-
vious surface area (ISA) [3,4].

Urban environments, characterized by higher air tempera-
tures and elevated concentrations of air pollutants, have complex
effects on C, N, and water dynamics in ecosystems. Increasing
air temperatures [5], elevated atmospheric CO, concentrations
[6], and enhanced N deposition [7] can stimulate plant growth.
Elevated O; concentrations damage pigments and photosyn-
thetic enzymes, resulting in reduced forest productivity [8].
Enhanced plant growth increases plant N demand, while higher
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temperatures accelerate soil decomposition, jointly decreasing
soil N availability [9]. Elevated N deposition in urban areas can
partially offset those soil N losses [10].

Furthermore, water also regulates N cycling by serving as a
medium for plant uptake and influencing soil decomposition
rates. Higher temperatures increase the vapor pressure deficit
and reduce winter snowpack, which can intensify soil water
stress [11] and potentially cause root damage during freeze-
thaw events [12,13], ultimately altering ecosystem C and N
dynamics [11]. In contrast, elevated CO, concentrations reduce
stomatal conductance [14], leading to an increase in water-use
efficiency (WUE) and a decrease in transpiration [6,14], which
mitigates drought stress.

The influence of human activities on forest ecosystems in
the northeastern USA is expected to intensify with continued
urban expansion and climate change. According to US Census
Bureau data, the population in New England grew by 1.2 mil-
lion (8.6%) between 2000 and 2020, with most of this increase
concentrated in Massachusetts (MA) (57.1%), followed by
Connecticut (CT) (16.8%), and New Hampshire (NH) (11.9%).
The population is projected to continue increasing in the com-
ing decades. Model projections suggest that the percentage of
urban land in New England will increase from 10.5% to 18%
by 2050 [1].

Long Term Ecological Research in the eastern United States
has documented an average annual temperature increase by
0.15 to 0.2 °C per decade, along with an annual precipitation
increase by 18 to 29 mm from 1950 to 2019 [15], with a more
rapid change observed in recent years [15]. Various modeling
studies project a warmer and wetter future climate in New
England, although the magnitude of projected increases in
temperature and precipitation varies among studies [16].

In this study, we present a modeling framework to character-
ize and quantify how forests in the northeastern USA may
respond to ongoing environmental changes by the mid-21st
century, with a particular focus on the complex interactions
that occur in urbanized areas. We considered a series of changes
in land cover, including an aggressive urbanization scenario
driven by substantial population influx but limited urban plan-
ning (Growing Global [GG]), a scenario with a similar high
population influx but improved urban planning to minimize
impacts on surrounding natural areas (Yankee Cosmopolitan
[YC]), a scenario in which population and urban expansion
continue at the current rate (Recent Trends [RT]), and a refer-
ence scenario in which urbanization remains at current levels
(Constant scenario). Details of scenario construction are pro-
vided in the methods section. Building on our previous work,
which quantified changes in air pollutant concentrations and
air temperature along an urbanization gradient [2] and the
future land-cover scenarios described above for New England
[1], we also developed projections of future urban climate and
air quality scenarios.

To project ecosystem responses to these future scenarios, we
applied the new PnET-CN-daily model, an updated version of
the well-established PnET-CN model that has been widely used
for ecosystem simulations in the region for decades. The PnET-CN
model requires relatively simple input data while simulating com-
plex ecosystem processes, making it well suited for regional-scale
applications. In PnET-CN-daily, the simulation time step was
refined from monthly to daily to improve process resolution and
model accuracy [17]. Using this enhanced model, we projected
changes in C, N, and water across New England under a range of
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future scenarios and additionally quantified the distinct contribu-
tions of climate, land cover, and atmospheric chemistry to these
ecosystem dynamics.

Results

Model calibration

Model calibration was conducted for both hardwood and
boreal forests. Model calibration and testing for the hardwood
forest (Harvard Forest) site is summarized in an earlier paper
[17]. Results from the boreal forest calibration, based on com-
parisons between model simulations and observations at the
Howland Forest conifer stands, suggest that the PnET-CN-daily
model effectively simulates the annual patterns of gross primary
production (GPP), respiration, and wood mass (Table S1). The
model closely matched observed values and temporal varia-
tions, with normalized mean absolute error (NMAE) values of
0.09 for GPP, 0.12 for respiration, and 0.05 for aboveground
biomass (AGB). Although the annual variation in net ecosys-
tem production was not captured perfectly (NMAE 0.21), the
predicted values were close to the observations. Time-series
observations of root biomass, soil organic matter (SOM), and
soil organic nitrogen (SON) dynamics are not available at
Howland. However, the difference between average observa-
tions and model simulations is less than 10% for these values.

The regional average simulated AGB is 10,232 + 1,634 g
C-m™, compared to an observed average of 9,255 + 5,149 g
C-m™. The normalized absolute error is 0.11, and NMAE is
0.43, indicating that the model slightly overestimates AGB at
the regional scale with moderate deviation. The spatial patterns
of percent bias (PBIAS) reveal that overestimation is particu-
larly evident in southern Maine (ME) and southeastern MA
(Fig. S1). When stratified by elevation, %ISA, and deciduous
fraction, AGB bias increases with elevation (Table S2). While
observations indicate an upward trend in AGB with increasing
elevation, the model simulated a decline, indicating that it over-
estimates the negative effects of elevation on forest growth,
possibly due to high-elevation forests recovering from acid
deposition [18].

The regional average simulated SOM is 16,682 + 3,569 g
C-m™>, compared to an observed average of 14,178 + 6,110 g
C-m™>% The normalized absolute error is 0.17, and NMAE is
0.40, indicating that the model overestimates SOM at the
regional scale, with a moderate level of deviation. The spatial
patterns of PBIAS show that overestimation is particularly evi-
dent in northern regions, while underestimation occurs pri-
marily in southern urban areas (Fig. S2). Stratification by
elevation, %ISA, and deciduous fraction indicates that SOM
bias increases with increasing ISA (Table S3) and decreasing
deciduous fraction (Table S4).

Future changes in C storage in New England under

land-cover and climate change scenarios

Projections of the spatial distribution of total ecosystem C stor-
age exhibit considerable heterogeneity across New England. In
2020, the majority of C was stored in ME (51.2%), followed by
NH (14.9%), Vermont (VT; 14.8%), MA (11.0%), CT (6.4%),
and Rhode Island (R; 1.8%). It is notable that RI has the highest
C density (15.7 k% C-m™?), followed b}f NH (13.5 kg Cm™),
ME (13.0kg C-m ™), VT (12.6 kg C-m %), MA (12.4kg C-m~?),
and CT (11.8 kg C-m 7). The relatively high value for RI may
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reflect an overestimation of AGB in coastal forest regions (see
the “Future changes in carbon storage in regional simulations
in New England” section). Model projections indicate a con-
tinuous accumulation of the total ecosystem C in New England
forests through 2050. Although SOM shows a slight decline,
this decline is offset by the increase in plant C storage (Fig. 1).
The total ecosystem C storage in New England forests across
all future scenarios (except the Constant scenario) is projected
to increase from 12.9 + 0.1 to 14.2 + 0.1 kg-m ™~ by 2050, reflect-
ing an average 9.6% increase over the model simulation period
(2020 to 2050). The plant and total C trajectories closely mirror
each other. Plant C storage across all future scenarios is projected
to increase from 7.9 + 0.1 kg-m > in 2020 t0 9.3 + 0.3 kg:m ™
in 2050, an average of 17.6% increase. Conversely, SOM shows
a declining trend under all scenarios, decreasing from 5.0 + 0.1
to 4.8 + 0.1 kg-m~” by 2050, an average 4% decrease. We find
that the different air quality scenarios (C1 and Clean Energy
Futures [CES40B]; see Methods) have a minimal impact on
regional C pools. Therefore, these 2 scenarios are combined for
the remaining analyses we consider here.

Annual patterns indicate that under a given air quality and
land-cover scenario, total ecosystem C storage is greater under
the Representative Concentration Pathway 8.5 (RCP8.5) sce-
narios than under the Business-as-Usual (BAU) scenario (Fig.
1A). This pattern suggests that climate change and elevated CO,
concentrations are projected to enhance forest growth at a rate
that surpasses increasing C losses via plant and soil respiration
due to elevated air temperature. Because N deposition is higher
under the BAU scenario due to relatively higher emissions, this
result also suggests that the effects of increasing CO, concentra-
tion and temperature outweigh the impacts of declining N deposi-
tion on ecosystem C sequestration. Total ecosystem C storage
generally decreases with an increasing urbanization intensity,
resulting in values being the highest under the RT scenario and
the lowest under the GG scenario. Furthermore, the total ecosys-
tem C storage under restrained urbanization and climate change
(YC-RCP8.5 and RT-RCP8.5) scenarios exceed that of the
Constant scenario, indicating that warmer climate with elevated
CO, concentrations promotes forest growth and counteracts the
C loss resulting from moderate levels of urban expansion.

Plant C storage is projected to continue to increase through
the simulation period. The overall increase is primarily driven
by climate change and CO, fertilization, although the trend is
partially offset by urbanization. Under a given air quality and
land-cover scenario, plant C storage is greater under the RCP8.5
scenarios compared to that under the BAU scenario (Fig. 1B).
Notably, land-cover change exerts a significant influence on the
spatial patterns of plant C, resulting in greater C storage under
moderate urban expansion (RT and YC scenarios) than under
aggressive urban expansion (GG scenarios). This influence is
more pronounced in southern New England than in the north-
ern states (Fig. 2) and more distinct under scenarios with higher
projected urbanization (i.e., GG). A distinct spatial pattern
emerges, indicating net plant C loss in the areas near Boston
and New Haven-Hartford-Springfield along with Burlington,
VT, under the GG scenario (Fig. 2).

In general, SOM shows a declining trend throughout the
simulation period, with lower SOM levels under the RCP8.5
scenarios than under the BAU scenarios for the same land-
cover scenario (Fig. 2C) as projected temperature increases
under RCP8.5 accelerate soil decomposition. Notably, SOM
levels under the GG-BAU scenario are lower than those under

Meng et al. 2025 | https://doi.org/10.34133/research.1043

the YC-RCP8.5 and RT-RCP8.5 scenarios, highlighting the
strong negative effect of rapid urban expansion on SOM storage
in the GG scenario.

Future changes in N storage in New England under

land-cover and climate change scenarios

The time-series patterns of N pools (Fig. 3) reveal consistent
trends between plant N and C storage and between SON and
SOM. This alignment reflects the relatively constant N concen-
tration in plant tissues and SOM in model simulations. However,
a distinctive pattern emerges in total ecosystem N storage (Fig.
3A), where the total ecosystem N storage for the entire New
England region remains relatively stable under the YC and RT
scenarios, with differences of less than 1% (Fig. 3A). In contrast,
total ecosystem N consistently decreases under the GG sce-
narios, declining by an average of 3.2% from 240.8 g N-m~” in
2020 to 237.5 g N-m ™ in 2050. By comparison, the total N stor-
age under the Constant scenario is projected to increase by 4.7 g
N-m™ (2.0%), illustrating the positive impact of N deposition
on total N storage and further demonstrating that atmospheric
N deposition can help counterbalance N loss resulting from
urbanization under the RT and YC scenarios. Notably, N storage
under the RCP8.5 scenarios consistently surpasses that under
the BAU scenarios across any given land-cover scenario, indicat-
ing the positive impact of climate change and elevated CO,
concentrations on N storage in forests.

Changes in total ecosystem N storage are considerable
among states, with projected N loss in CT, RI, MA, and NH
under all land-cover scenarios compared to the Constant sce-
nario and with N loss under BAU exceeding that under RCP8.5.
However, total ecosystem N storage is projected to increase
under YC and RT scenarios in ME and VT, while it decreases
under GG scenarios (Fig. 4B). Additionally, ecosystem N accu-
mulation under BAU is projected to be lower than that under
RCP8.5 for a given land-cover scenario due to higher N leach-
ing (Fig. 5C). MA is projected to experience the highest loss in
total N storage, averaging a decline of 12.84 g N-m ™~ (—5.86%)
from 2020 to 2050 under the GG scenarios, followed by NH
with aloss of 10.03 g N-m > (=3.78%) due to rapid urbanization
in southern NH adjacent to Boston [1].

Future soil respiration and N mineralization initially decrease
under the RCP8.5 scenario as a result of increasing urbanization,
followed by a sharp increase after 2035 due to increasing tem-
peratures (Fig. 5A and B). However, N drainage exhibited a
contrasting pattern, initially decreasing and then remaining at
a relatively low level (Fig. 5C). These patterns indicate higher
plant N uptake due to higher forest growth under the RCP8.5
scenario, which helps limit N leaching and contributes to differ-
ences in total ecosystem N storage between the BAU and RCP8.5
scenarios. Notably, soil decomposition slightly increases after
2030, while net N mineralization continues to decline under the
Constant scenario. This pattern indicates that increasing the soil
C:N ratio suppresses N mineralization, further decreasing soil
N availability.

Future changes in water dynamics in New England
under land-cover and climate change scenarios
Under the RCP8.5 scenario, annual precipitation in New England
is projected to remain relatively stable, with a slight increase from
120.7 cm in 2020 to 122.0 cm in 2050. Snowpack is projected to
decline, with an overall reduction of 59 cm from 2020 to 2050.
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Fig. 1. Time series of future projections of total ecosystem net carbon storage (A), plant carbon storage (B), and soil organic matter storage (C) for New England under different
land-cover and climate scenarios from 2020 to 2050. GG, Growing Global scenario; YC, Yankee Cosmopolitan scenario; Constant, constant growth scenario; BAU, Business as
Usual; RCP8.5, Representative Concentration Pathway 8.5; SOM, soil organic matter.
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Fig. 2. Spatial change in plant carbon storage (g C m~2) under Constant trend (A), Yankee Cosmopolitan (B), and Growing Global (C) future land-cover scenarios under the
RCP8.5 and Clean Energy Futures (CES40B) scenario in 2050 compared to values in 2020.

ME is expected to experience the greatest decrease (89 cm), fol-
lowed by CT (75 cm), NH (62 cm), MA (57 cm), and RI (51 cm).
In contrast, VT is projected to experience a 38-cm increase.
However, because southern New England states typically have
shorter snow cover periods compared to the northern states, the
impact of climate change on snowpack is more pronounced in
the southern portion of the region. By 2050, snowpack levels in
CT are projected to be only 32.4% of current levels; in RI, 23.6%;
and in MA, 68.2%, whereas in northern New England, snowpack
retention remains at approximately 95% of current levels. The
duration of snow cover is also projected to decrease, with an
average reduction of 11 d over the simulation period. ME experi-
ences the largest decline (14 d), followed by CT and RI (13 d),
MA (8 d),and NH and VT (7 d).

Distinct patterns of evapotranspiration (ET) also emerge
across scenarios, with a slight decrease under the BAU scenarios
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but a general increase under the RCP8.5 scenarios (Fig. 6A). To
better evaluate changes in soil water availability, we also examine
deficit of water (Dwater), defined as the daily deviation of soil
water supply from plant water demand. The projected decrease
in forest area associated with urbanization leads to a decline in
transpiration, contributing to decreases in ET and increases in
drainage and Dwater under the BAU scenario (Fig. 6A and B).
ET declines with increasing urbanization intensity and is lowest
under the GG scenario due to extensive forest loss (Fig. 6A).
Conversely, rising air temperatures under the RCP8.5 scenarios
increase ET, which offsets the decline due to urbanization and
continues over the simulation period. As a result, drainage
decreases and soil water stress (Dwater) increases under the
RCP8.5 scenarios (Fig. 6B). Notably, the average increase in pho-
tosynthetic rate under the RCP8.5 scenarios is 20.32%, far
exceeding the increase in ET at 7.69% under the same scenarios.
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different land-cover and climate scenarios from 2020 to 2050. SON, soil organic nitrogen.
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This disparity is driven by enhanced WUE resulting from ele-
vated CO, concentrations.

Discussion

Future changes in carbon storage in regional

simulations in New England
In this study, we project that the forests of New England will
continue to serve as a dominant C reservoir for at least the next
3 decades. The main projected increase in C storage is attrib-
uted to the increase in plant C storage, aligning with previous
modeling studies for the region [19-22]. The annual patterns
of total ecosystem C storage show that under the same air qual-
ity and land-cover scenarios, C storage is greater under the
RCP8.5 scenarios compared to that under the BAU scenarios
(Fig. 1A), highlighting the effects of CO, fertilization and cli-
mate change on forest growth.

Although elevated CO, concentrations and atmospheric N
deposition in urban areas may stimulate forest growth and
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increase total and plant C storage, we project that plant C stor-
age will decrease in urban areas, and this effect will become
more evident with increasing urbanization (Fig. 2). This result
suggests that forest removal due to urbanization has a more
significant impact on forest biomass than the effects of climate
change and air quality changes. We found that CO, concentra-
tion increases by only 0.16 ppm with a 1% increase in urbaniza-
tion in New England [17]. Therefore, this limited enrichment
of CO, across the urbanization gradient suggests that the atmo-
spheric CO, fertilization effect on forest growth will be limited
in urban and suburban areas of New England.

Our previous modeling studies at Harvard Forest suggest that
the atmospheric CO, fertilization effect is a more important
driver than the effects of temperature on recent plant C accu-
mulation [17,23]. In most modeling studies predicting C change
in the northeastern USA, the atmospheric CO, fertilization effect
results in a positive response of forest growth under a warming
climate [19-21]. However, without invoking this mechanism,
some analyses project a neutral or negative tree growth response
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Fig. 5. Time series of future projections of annual soil decomposition (A), annual N mineralization (B), and annual N drainage loss (C) for New England under different land-

cover and climate scenarios from 2020 to 2050.

to a warming climate [19]. However, a few studies suggest posi-
tive forest responses to a warming climate without atmospheric
CO, fertilization [21,24]. Nevertheless, our previous analysis also
suggests that atmospheric CO, fertilization effects will ultimately
be limited by nutrient availability. We projected future changes
in total ecosystem C storage over an 80-year period under dif-
ferent climate scenarios at Harvard Forest and found no signifi-
cant difference under the Representative Concentration Pathway
4.5 (RCP4.5) and RCP8.5 scenarios [23], consistent with obser-
vations from free air CO, enrichment experiments, which show
that CO, enrichment declines and ultimately disappears after
years of experimentation [25].

Future changes in N storage in regional simulations

The spatial patterns of total N storage in New England differ from
the patterns of total C storage due to the predominant storage of
N in soil, which is significantly influenced by land-cover changes.
The temporal trend observed under the Constant scenario suggests
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an increase in total ecosystem N storage over the simulation period
in the absence of land-cover change. However, this upward trajec-
tory is offset by moderate urbanization and reverses to a downward
trajectory with aggressive urbanization. Notably, the projected total
N storage for CT, MA, R, and NH under all land-cover scenarios
is lower than the values under the Constant scenario (Fig. 4B),
reflecting substantial N loss due to urbanization.

With elevated plant growth and decreasing N deposition,
the rate of plant N uptake exceeds the natural replenishment
rate of soil N, leading to a decline in soil N storage. Elevated
CO, concentrations [26] and temperature [27,28] contribute
to increased soil decomposition, further decreasing N content
in the soil (Fig. 3C). The decline in soil N storage reflects ongo-
ing N oligotrophication of forest ecosystems in rural areas of
New England [29-31]. Trends of N oligotrophication have been
observed in temperate forests in recent years, evident in indica-
tors such as declining nitrate leaching and natural abundance
foliar "°N values. Long-term observations from the Hubbard
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Fig. 6. Time series of future projections of annual evapotranspiration (A), annual drainage (B), and deficit of water (Dwater) (C) for New England under different land-cover

and climate scenarios from 2020 to 2050.

Brook Experimental Forest in NH support this trend, illustrat-
ing a decline in N availability to trees and an increase in N
immobilization [30].

In our projections, N oligotrophication appears in the rela-
tionship between soil decomposition and N mineralization
under the RCP8.5 scenarios (Fig. 5A and B). Increases in soil
decomposition substantially exceed increases in N mineraliza-
tion after 2030, indicating a net decrease in N release per unit
of SOM mineralization. Additionally, a decline in N drainage
is evident in model projections and is more pronounced under
the RCP8.5 scenarios than under the BAU scenarios (Fig. 6C).
Finally, N deposition is expected to decrease in New England
due to controls on emissions from electric utilities and trans-
portation sources [32], which will likely further intensify N
oligotrophication in the region if there is no further change in
fossil fuel or agricultural emissions.
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Future changes in water dynamics in

regional simulations

Urbanization is expected to increase water drainage [33], which
is observed under the BAU scenario but not under the RCP8.5
scenario. This phenomenon can be attributed to ET increases
under the RCP8.5 scenarios due to elevated temperatures, even
with a concurrent increase in WUE resulting from elevated
CO, concentrations [14]. Elevated ET enhances soil water loss,
allowing increases in precipitation to replenish soil water rather
than being exported as runoff.

Climate change is projected to cause a decline in snow days
and snowpack across the entire region, with more pronounced
impacts in southern New England than in northern areas. This
reduction is likely to negatively affect winter recreation, par-
ticularly ski resorts in southern New England. By 2050, snow-
pack levels are projected to decrease to 32.4% of current levels
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in CT, 23.6% in RI, and 68.2% in MA. Additionally, fewer snow
days are projected to lead to increased winter streamflow and
reduced spring snowmelt discharge [13].

Model validation and future study

Simulated AGB is slightly higher than observed values in coastal
regions but lower in the White and Green mountains. The coastal
overestimation may stem from the limited representation in the
model of climate-related disturbances, such as high-wind events,
and the moderating effects of coastal climates on forest growth.
In contrast, the underestimation of AGB in the White and Green
mountains (Fig. S1) is consistent with the tendency of models to
underestimate forest growth at higher elevations. A likely reason
for this underestimation is that N availability may be higher at
high elevations, contrary to patterns in model simulations. Fahey
et al. [34] found that N mineralization rates and foliar N con-
centrations increase with elevation at the Hubbard Brook
Experimental Forest, whereas the model predicts a decreasing
trend. However, the mechanisms underlying enhanced N min-
eralization at higher elevations remain poorly understood and
warrant further investigation.

Simulated SOM tends to be higher than observed values in
northern regions, consistent with the pattern of increasing bias
with decreasing deciduous fraction and increasing elevation. The
trend along the deciduous fraction gradient likely arises because
lower deciduous fractions are associated with conifer-dominated
forests in colder northern areas. This discrepancy may stem from
how the model represents SOM decomposition—accounting
only for the aerobic soil decomposition pathway while neglecting
natural pathways such as the microbial anaerobic pathway or
erosion. Furthermore, the SOM bias is particularly pronounced
at elevations above 800 m, which may reflect the absence of
key SOM removal mechanisms in the model, such as erosion,
enhanced decomposition, and dissolved organic carbon leaching
[34], or recovery from acid deposition [35], all of which are more
prominent in high-altitude environments. The increasing bias
along the ISA gradient is partly due to differences in how SOM
is represented: in the model, SOM values are averaged over areas
using ISA-weighted means, whereas observational data are
directly derived from site-specific soil sampling. Moreover, our
algorithms to characterize and quantify the effects of urbaniza-
tion may underestimate the actual effects, especially water stress
on forest growth [2].

We aim to apply our model in other regions, but substantial
uncertainties remain, and further research is needed to refine these
projections. A primary limitation is that air quality is highly depen-
dent on local energy use and urbanization rate. For example, the
Beijing-Tianjin-Hebei region of China may experience dynamics
quite different from those of New England due to higher popula-
tion and emissions of NO and volatile organic compounds from
coal combustion, whereas New England relies more on natural
gas. Urbanization further intensifies pollutant concentrations,
leading to more severe O, damage to plants and suppressing pho-
tosynthesis and growth. With continued air pollution controls, C
accumulation in such regions could increase as ozone-related
damage declines [36]. At the same time, reductions in N deposition
may drive N limitation (oligotrophication) over time, a phenom-
enon observed in New England. In addition, vegetation type plays
a critical role. PnET has been extensively applied to northeastern
US forests for decades. Before extending the model to other
regions, stand-level testing for the dominant vegetation types in
the target region is necessary to ensure model reliability.
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The PnET model will require continued development. Emerging
research highlights ecological mechanisms not yet incorporated
into terrestrial models, potentially contributing to underestimation
of temperature effects on carbon dynamics. For instance, Meng
etal. [37] reported that foliar C allocation increases in the early
green-up period driven by climate change, a process not repre-
sented in the PnET model or other terrestrial ecosystem models.
Such mechanisms highlight important gaps in current modeling
frameworks and warrant further investigation.

Conclusion

In this study, we projected potential changes in forest ecosystem
function under various land-cover and climate change scenarios.
Model calibration results indicate that AGB is reasonably well
simulated at the regional scale, although the model tends to over-
estimate SOM, particularly in northern and high-elevation
mountainous areas. These biases highlight areas where model
performance could be improved in future studies, especially by
incorporating additional SOM decomposition pathways and bet-
ter representing elevation-driven processes.

Future projections indicate that New England will continue
to serve as a regional C sink, but important trade-offs emerge
from land-cover changes impacting C sequestration, especially
in southern New England. Urbanization will reduce C storage,
especially in soil C pools. In addition, climate change is pro-
jected to facilitate increases in soil decomposition, further
intensifying soil C loss. The role of atmospheric CO, in future
forest response remains critical; however, due to developing
nutrient limitations, the fertilization effect is likely to be weaker
than previous studies have projected.

Urbanization and climate change act together to limit N
accumulation in New England. Extreme land-cover change asso-
ciated with urbanization substantially reduces N storage. With
continuous N accumulation in plants, soil N storage declines,
reducing soil N availability and driving ecosystems toward a
condition of N oligotrophication. N oligotrophication is pro-
jected to curtail forest growth in rural areas and will become
more pronounced with decreasing N deposition due to air qual-
ity emission controls. This phenomenon will need to be consid-
ered in future management of northeastern forests.

Even though previous studies indicate that the New England
region will experience hotter and wetter weather, our study
shows that water stress will not significantly increase. In addi-
tion, we found that snowpack and the duration of snow cover
will significantly decrease in southern New England, potentially
altering water dynamics in that part of the region.

Methods

Study region and calibration sites
New England covers an area of 162,716 km” in the northeastern
USA encompassing the states of ME, VT, NH, MA, CT, and RL
Notably, 80.1% of this region is forest, 8.6% is developed land,
and 6.4% is agricultural land [1]. The climate of New England
is a humid continental climate, featuring an annual mean tem-
perature ranging from 3 to 10 °C and an average annual pre-
cipitation ranging from 790 to 2,550 mm [38]. This range of
climatic conditions leads to distinct vegetation types, with the
forest transitioning from boreal forests in northern ME to oak-
maple forests in southern New England [39].

To calibrate the PnET-CN-daily model for hardwood forests
and boreal forests, we utilized data from Harvard Forest, MA,
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and Howland Forest, ME, respectively. Harvard Forest is in
central MA (42°28'N, 72°10'W). It has served as a National
Science Foundation (NSF)-supported Long Term Ecological
Research site since 1988, with weather records from 2002 to
2019 revealing an annual average temperature of 8.3 °C and an
annual precipitation of 1,254 mm. The forest in this area is
classified as a temperate mixed forest, with northern red oak
(Quercus rubra), eastern hemlock (Tsuga canadensis), white
pine (Pinus strobus), red maple (Acer rubrum), and black birch
(Betula lenta) [40].

Howland Forest is in central ME (45°12'N, 68°44’W) and has
been a research site since 1986. It is located within a transition
zone between the boreal forest to the north and the northern
hardwood forest to the south. The forest composition is primarily
dominated by red spruce (Picea rubens) and hemlock, with hard-
wood species, mainly red maple and paper birch (Betula papyr-
ifera), collectively accounting for less than 10% of the total basal
area [41].

Model description and improvement

The PnET model is a process-based ecosystem model that
simulates C, N, and water dynamics in forest ecosystems at a
monthly time step. In this study, we utilized the PnET-CN-daily
model, which represents an advancement of the PnET-CN
model and offers 2 significant advantages over previous ver-
sions. First, it simulates a more complete N cycle in soil, includ-
ing processes such as net N mineralization, nitrification, plant
N uptake, and leaching losses, a feature that was lacking in the
earlier PnET-II model and subsequent versions. Second, PnET-
CN-daily operates at a daily time step, enhancing the precision
of simulation of plant phenology and water dynamics. Our
prior work demonstrated that the PnET-CN-daily model exhib-
its notable improvements over earlier PnET models in simulat-
ing biogeochemical processes at Harvard Forest, particularly
in capturing the increasing trends in GPP associated with cli-
mate change and the impacts of water stress [23].

To employ the PnET-CN-daily model, several inputs are
needed, including site characteristics, plant traits, and various
environmental data. The environmental data include daily
maximum and minimum air temperatures, photosynthetically
active radiation (PAR), and precipitation as meteorological
inputs, as well as atmospheric concentrations of CO, and O,
and atmospheric N deposition (NH," and NO, ). The site char-
acteristics and plant traits employed in this study were adopted
from Ollinger et al. [42] and were adjusted during the model
calibration.

To evaluate soil water stress, the PnET models use Dwater
to measure soil moisture, which is defined as follows:

zn Trans;
i=1 PotTrans;

n

Dwater = (1)
where Trans; is the simulated transpiration on the ith day,
PotTrans; is the theoretical transpiration without considering
any restriction in the ith day, and # is the number of days when
Trans; is less than PotTrans;in the period. The maximum value
of Dwater is 1, which indicates no water stress, and soil water
stress increases with decreasing Dwater.

Future scenarios’ construction

In this study, we applied the PnET-CN-daily model to simulate
forest ecosystem dynamics from the year 1000 to 2050. A
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reconstruction of historical climate and air quality scenario
from 1000 to 2020 was conducted for Harvard Forest in our
previous study [17], and we extended this approach to generate
a regional-scale historical dataset for New England.

In this study, we considered a suite of future scenarios from
2020 to 2050 that depict potential future changes in land
cover, climate, and air chemistry. To represent potential future
land-cover change, we used 3 scenarios developed by the New
England Landscape Futures (NELF) project: RT, YC, and GG
[1]. The RT scenario assumes that urbanization will continue
at the average rate and spatial pattern observed between 1990
and 2015, serving as a reference scenario. The GG and YC sce-
narios were co-designed with >200 informed stakeholders from
throughout the region [22]. The GG scenario represents an
aggressive urbanization scenario, where a substantial influx of
climate migrants drives significant population growth, resulting
in extensive conversion of forest to urban land. The YC scenario
also assumes a substantial influx of migrants into the region but
incorporates technological advances to enhance resilience to
climate change and accommodate the increasing population.
In this scenario, a substantial area of forest is retained compared
to that in the GG scenario. In addition to the New England
Landscape Futures scenarios, we also developed a Constant
scenario, in which urbanization remains at current levels, as a
static reference.

Two future climate scenarios involved changes in air tem-
perature, precipitation, and PAR. The RCP8.5 was derived
from the Climate Explorer project (https://crt-climate-explorer.
nemac.org/). The Climate Explorer employs 2 potential emis-
sion scenarios (RCP4.5 and RCP8.5) in conjunction with a set
of global climate models to predict future climate conditions.
The result is a weighted mean of the outputs from 32 climate
models in the Localized Constructed Analogs method dataset.
PAR was calculated using the MTCLIM model based on air
temperature and precipitation data. We also created a BAU
scenario in which the measured temperature and precipitation
values from 2011 to 2020 are repeated for the period from 2021
to 2050.

Future scenarios for O, concentration and N deposition
were obtained from the Clean Energy Futures project [32]. In
this project, the Integrated Planning Model and Community
Multiscale Air Quality model were executed in series with vari-
ous scenarios for the decarbonization of the electricity sector
to forecast future air quality [32]. We used the model outputs
for the BAU scenario (C1) and an aggressive decarbonization
scenario (CES40B) to assess the potential effects of changes in
air quality in New England resulting from the decarbonization
of the electricity sector. The CES40B scenario assumes the com-
plete elimination of emissions from fossil fuel combustion in
electrical generating units by 2040 [32].

To calculate the ISA for New England, land-use informa-
tion was obtained from the National Land Cover Database
2016 release (https://www.usgs.gov/centers/eros/science/annual-
nlcd-data-access). These data are available at a 30-m resolution,
and each pixel is categorized into different land-cover types,
including water surface, developed land, and vegetation. Dev-
eloped land is further classified into 4 categories based on the
ISA percentage of land cover: less than 20%, 20% to 49%, 50%
to 79%, and 80% to 100%. To simplify the data, we assigned
ISA values of 10%, 35%, 65%, and 90% for these classes, respec-
tively. The percentage of ISA for a specific x-km-resolution pixel
is calculated as
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2l
%ISA = BTARS 100% (2)

where %ISA is the ISA percentage in a pixel of a given resolu-
tion (x km), # is the number of pixels with impervious surface
cover, i is the ISA percentage of pixels with the impervious
surface cover, and N is the number of total pixels within the
x-km-resolution pixel.

We combined the 3 land-cover scenarios (GG, YC, and RT)
with 2 climate scenarios (BAU and RCP8.5) and 2 air quality
scenarios (C1 and CES40B) to create a series of future scenarios
for application across New England. For areas projected to
experience future urbanization, we assume that land cover will
transition from its current state to the projected 2050 land-
cover scenarios at a constant rate. Air temperature, atmospheric
CO,, ground-level O, and atmospheric N deposition in urban
areas were adjusted based on local %ISA using empirical rela-
tionships between these factors and %ISA for New England
developed previously [23].

Model calibration

To assess the accuracy of PnET-CN-daily model simula-
tions, we conducted model runs using reconstructed histori-
cal scenarios for Harvard Forest and Howland Forest. We
compared the model outputs with observed data collected
at these sites. Model calibration for the hardwood forest at
Harvard Forest was based on several ecosystem variables
documented in our previous study [17]. To calibrate model
performance in the conifer forest, observations from the
Howland Forest AmeriFlux site [43] including GPP, net eco-
system production, respiration, wood mass, fine root mass,
SOM, and SON were used for calibration.

In addition to site calibration, we conducted a regional
evaluation for both AGB and SOM. For AGB calibration, we
utilized the contiguous US biomass map generated by the
US Department of Agriculture (USDA) Forest Service Forest
Inventory and Analysis (FIA) program, which includes obser-
vations at a 250 X 250 m resolution. We sourced SOM data
from the Gridded National Soil Survey Geographic (gNATSGO)
database, a USDA compilation amalgamating various soil data-
bases. This database integrates information from the Soil Survey
Geographic Database, State Soil Geographic Database, and
Raster Soil Survey Databases, presenting a cohesive ESRI file
geodatabase with a resolution of 30 X 30 m. To compare regional
data with the model outputs, we aggregated the gNATSGO and
FIA data to a 4 X 4 km resolution that was used as the spatial
resolution for simulations.

In addition to visual evaluation, PBIAS, normalized mean
error (NME), and NMAE were used to evaluate model calibra-
tion. These parameters enabled assessment of the ability of
model simulations to capture average and long-term trends in
observed values and are defined as follows:

PBIAS =100 X —— 3)

NME = E (4)
0
> ([P=0))

NMAE = - (5)
nx O
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where P; is the ith predicted value, O; is the ith observed value,
P is the mean of the predicted value, O is the mean of the
observation, and # is the number of observations.

PBIAS is used to measure the percentage difference between
simulation and observation. NMAE is used to evaluate model per-
formance in capturing observed trends, where lower NAME values
indicate better model agreement with observations. NME is used
to determine whether the model overestimates or underestimates
parameters. A negative value indicates underestimation, and a
positive value shows overestimation relative to observations.

Acknowledgments

We would like to thank Dr Habibollah Fakhraei for providing his-
torical N deposition data for Harvard Forest and Dr Petros
Vasilakos for his valuable contribution in supplying the Community
Multiscale Air Quality scenario data that were critical to this study.
We are also grateful to the Climate Explorer team, the PRISM
Climate Group, the USDA FIA Program, and the gNATSGO data-
base for the datasets utilized in our analysis. In particular, data
from Harvard Forest and Howland Forest were essential for model
calibration.

Funding: This study was made possible through the generous
support of the United States Department of Agriculture and
the National Institute of Food and Agriculture grant (USDA
NIFA 67003-26615). The study also leverages support from the
National Science Foundation for short-term ecological research
(NSF DEB 2020397) and Long Term Ecological Research at
Hubbard Brook (NSF DEB 1637685 and 2224545) and Harvard
Forest (NSF DEB 2224545 and 1832210).

Author contributions: C.T.D. provided overall leadership for
the project, overseeing study design, interpretation of results,
supervision, and administrative support and contributing to
data analysis, specialized methodological development, and
manuscript revision. L.M. served as the primary contributor,
leading the implementation of the study, including all data
acquisition and analysis, specialized methodological develop-
ment, and preparation and revision of the manuscript. A.P.
contributed to study design and interpretation, assisted with
data analysis, provided technical and supervisory support, and
played a substantial role in manuscript revision, including spe-
cialized analytical tasks. PH.T. and L.R.H. contributed to study
design and interpretation, supported data analysis, provided
supervisory input, and assisted with manuscript revision. J.R.T.
contributed to data acquisition and analysis and was primarily
responsible for developing the land-cover scenarios, in addition
to assisting with manuscript editing.

Competing interests: The authors declare that they have no
competing interests.

Data Availability

The dataset presented in this article is available for reviewers on
Dryad athttp://datadryad.org/share/K4AgIHLGm8VprdrLgpAA-
3YIKjta50kPg3HB73z06yQ and will be made publicly available
upon publication through both Dryad and the Harvard Forest
Data Archive.

Supplementary Materials

Figs. S1 and S2
Tables S1 to S4
Reference [44]

12

920z ‘0z Afenuer uo A1sAIUN 821y T Bi0aous1os’ [dsy/:sdny woly papeojumoq


https://doi.org/10.34133/research.1043
http://datadryad.org/share/K4AgIHLGm8VprdrLgpAA-3YIKjta50kPg3HB73z06yQ
http://datadryad.org/share/K4AgIHLGm8VprdrLgpAA-3YIKjta50kPg3HB73z06yQ

Research

References

1.

10.

11.

12.

13.

14.

Thompson JR, Plisinski JS, Lambert KE, Duveneck MJ, Morreale L,
McBride M, MacLean MG, Weiss M, Lee L. Spatial simulation

of codesigned land cover change scenarios in New England:
Alternative futures and their consequences for conservation
priorities. Earths Future. 2020;8(7):Article e2019EF001348.
Meng L, Pourmokhtarian A, Templer P, Hutyra L, Driscoll C.
Effects of urbanization on the dynamics of carbon, nitrogen,
and water cycling in hardwood forests of the northeastern U.S.
Landsc Urban Plan. 2025;Article 105541.

Gregg JW, Jones CG, Dawson TE. Urbanization effects

on tree growth in the vicinity of New York City. Nature.
2003;424(6945):183-187.

Xian G. Analysis of impacts of urban land use and land cover
on air quality in the Las Vegas region using remote sensing
information and ground observations. Int ] Remote Sens.
2007;28(24):5427-5445.

Hollinger DY, Aber J, Dail B, Davidson EA, Goltz SM,
Hughes H, Leclerc MY, Lee JT, Richardson AD, Rodrigues C,
et al. Spatial and temporal variability in forest-atmosphere CO,
exchange. Glob Chang Biol. 2004;10(10):1689-1706.
Ainsworth EA, Rogers A. The response of photosynthesis
and stomatal conductance to rising [CO,]: Mechanisms

and environmental interactions. Plant Cell Environ.
2007;30(3):258-270.

Briber BM, Hutyra LR, Reinmann AB, Raciti SM, Dearborn VK,
Holden CE, Allison L, Dunn CE. Tree productivity enhanced
with conversion from forest to urban land covers. PLOS ONE.
2015;10(8):Article e0136237.

Proietti C, Anav A, De Marco A, Sicard P, Vitale M. A multi-
sites analysis on the ozone effects on Gross Primary Production
of European forests. Sci Total Environ. 2016;556:1-11.

Finzi AC, Norby R], Calfapietra C, Gallet-Budynek A,

Gielen B, Holmes WE, Hoosbeek MR, Iversen CM,

Jackson RB, Kubiske ME, et al. Increases in nitrogen uptake
rather than nitrogen-use efficiency support higher rates of
temperate forest productivity under elevated CO,. Proc Natl
Acad Sci USA. 2007;104(35):14014-14019.

Hogberg MN, Blagko R, Bach LH, Hasselquist NJ, Egnell G,
Nasholm T, Hogberg P. The return of an experimentally
N-saturated boreal forest to an N-limited state: Observations
on the soil microbial community structure, biotic N retention
capacity and gross N mineralisation. Plant Soil. 2014;381
(1-2):45-60.

Novick KA, Ficklin DL, Stoy PC, Williams CA, Bohrer G,
Oishi AC, Papuga SA, Blanken PD, Noormets A, Sulman BN,
et al. The increasing importance of atmospheric demand

for ecosystem water and carbon fluxes. Nat Clim Change.
2016;6(11):1023-1027.

Comerford DP, Schaberg PG, Templer PH, Socci AM,
Campbell JL, Wallin KF. Influence of experimental snow
removal on root and canopy physiology of sugar maple
trees in a northern hardwood forest. Oecologia.
2013;171(1):261-269.

Campbell JL, Socci AM, Templer PH. Increased nitrogen
leaching following soil freezing is due to decreased root
uptake in a northern hardwood forest. Glob Chang Biol.
2014;20(8):2663-2673.

Medlyn BE, Barton CVM, Broadmeadow MS]J, Ceulemans R,
De Angelis P, Forstreuter M, Freeman M, Jackson SB,
Kellomiki S, Laitat E, et al. Stomatal conductance of

Meng et al. 2025 | https://doi.org/10.34133/research.1043

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

forest species after long-term exposure to elevated CO,
concentration: A synthesis. New Phytol. 2001;149(2):247-264.
Campbell JL, Driscoll CT, Jones JA, Boose ER, Dugan HA,
Groffman PM, Jackson CR, Jones JB, Juday GP, Lottig NR,

et al. Forest and freshwater ecosystem responses to climate
change and variability at US LTER Sites. BioScience.
2022;72(9):851-870.

Campbell JL, Rustad LE, Boyer EW, Christopher SF,

Driscoll CT, Fernandez IJ, Groffman PM, Houle D,

Kiekbusch J, Magill AH, et al. Consequences of climate change
for biogeochemical cycling in forests of northeastern North
America. Can ] For Res. 2009;39(2):264-284.

Meng L, Pourmokhtarian A, Templer PH, Hutyra LR,
Driscoll CT. Simulations of historical impacts of climate
change and atmospheric chemistry on a northeastern U.S.
forest ecosystem. Ecol Appl. 2025;35(5):Article €70079.
Driscoll CT, Lawrence GB, Bulger AJ, Butler T7J, Cronan CS,
Eagar C, Lambert KF, Likens GE, Stoddard JL, Weathers KC.
Acidic deposition in the northeastern United States: Sources
and inputs, ecosystem effects, and management strategies:
The effects of acidic deposition in the northeastern United
States include the acidification of soil and water, which stresses
terrestrial and aquatic biota. Bioscience. 2001;51(3):180-198.
Handler S, Duveneck MJ, Iverson L, Peters E, Scheller RM,
Wythers KR, Brandt L, Butler P, Janowiak M, Shannon PD, et al.
Minnesota forest ecosystem vulnerability assessment and synthesis:
A report from the Northwoods Climate Change Response
Framework project. Newtown Square (PA); US Department of
Agriculture, Forest Service, Northern Research Station; 2014.
Rogers BM, Neilson RP, Drapek R, Lenihan JM, Wells JR,
Bachelet D, Law BE. Impacts of climate change on fire regimes
and carbon stocks of the U.S. Pacific Northwest. ] Geophys Res
Biogeosci. 2011;116(G3):3037.

Burkhart HE, Brooks EB, Dinon-Aldridge H, Sabatia CO,
Gyawali N, Wynne RH, Thomas VA. Regional simulations of
loblolly pine productivity with CO, enrichment and changing
climate scenarios. For Sci. 2018;64(4):349-357.

McBride MF, Lambert KE, Huff ES, Theoharides KA, Field P,
Thompson JR. Increasing the effectiveness of participatory
scenario development through codesign. Ecol Soc.
2017;22(3):Article 26270157.

Meng L, Pourmokhtarian A, Templer PH, Hutyra LR, Driscoll CT.
The response of a northeastern temperate forest to future
scenarios of climate change and energy policies through the 21st
century. Environ Model Sofiw. 2025;190:Article 106473.

Yang Y, Berhe AA, Barnes ME, Moreland KC, Tian Z, Kelly AE,
Bales RC, O’'Geen AT, Goulden ML, Hartsough P, et al. Climate
warming alters nutrient storage in seasonally dry forests:
Insights from a 2,300 m elevation gradient. Global Biogeochem
Cycles. 2022;36(11):Article €2022GB007429.

Charney ND, Babst F, Poulter B, Record S, Trouet VM,

Frank D, Enquist BJ, Evans ME. Observed forest sensitivity to
climate implies large changes in 21st century North American
forest growth. Ecol Lett. 2016;19(9):1119-1128.

Drake JE, Gallet-Budynek A, Hofmockel KS, Bernhardt ES,
Billings SA, Jackson RB, Johnsen KS, Lichter J, McCarthy HR,
McCormack ML, et al. Increases in the flux of carbon
belowground stimulate nitrogen uptake and sustain the long-
term enhancement of forest productivity under elevated CO,.
Ecol Lett. 2011;14(4):349-357.

Butler SM, Melillo JM, Johnson JE, Mohan J, Steudler PA,

Lux H, Burrows E, Smith RM, Vario CL, Scott L, et al. Soil

13

920z ‘0z Afenuer uo A1sAIUN 821y T Bi0aous1os’ [dsy/:sdny woly papeojumoq


https://doi.org/10.34133/research.1043

Research

28.

29.

30.

31.

32.

33.

34.

35.

warming alters nitrogen cycling in a New England forest:
Implications for ecosystem function and structure. Oecologia.
2012;168(3):819-828.

Yang Y, Berhe AA, Hunsaker CT, Johnson DW, Safeeq M,
Barnes ME, McCorkle EP, Stacy EM, Bales RC, Bart RR,

et al. Impacts of climate and disturbance on nutrient fluxes
and stoichiometry in mixed-conifer forests. Biogeochemistry.
2022;158(1):1-20.

Craine JM, Elmore AJ, Wang L, Aranibar ], Bauters M,
Boeckx P, Crowley BE, Dawes MA, Delzon S, Fajardo A,

et al. Isotopic evidence for oligotrophication of terrestrial
ecosystems. Nat Ecol Evol. 2018;2(11):1735-1744.

Groffman PM, Driscoll CT, Duran J, Campbell JL,
Christenson LM, Fahey TJ, Fisk MC, Fuss C, Likens GE,
Lovett G, et al. Nitrogen oligotrophication in northern
hardwood forests. Biogeochemistry. 2018;141(3):523-539.
Harrison JL, Schultz K, Blagden M, Sanders-DeMott R,
Templer PH. Growing season soil warming may counteract
trend of nitrogen oligotrophication in a northern hardwood
forest. Biogeochemistry. 2020;151(2):139-152.

Vasilakos PN, Shen H, Mehdi Q, Wilcoxen P, Driscoll C,
Fallon K, Burtraw D, Domeshek M, Russell AG. US clean
energy futures—Air quality benefits of zero carbon energy
policies. Atmosphere. 2022;13(9):Article 1401.

Arnold CL Jr, Gibbons CJ. Impervious surface coverage: The
emergence of a key environmental indicator. ] Am Plan Assoc.
1996;62(2):243-258.

Fahey TJ, Cleavitt NL, Templer PH, Groffman PM, Bailey AS,
Caron SB, Wilson G. Foliar resorption of beech and maple
along an elevation gradient in a northern hardwood forest. For
Ecosyst. 2025;13: Article 100304.

Possinger AR, Driscoll CT, Green MB, Fahey TJ, Johnson CE,
Koppers MM, Martel LD, Morse JL, Templer PH, Uribe AM,
et al. Increasing soil respiration in a northern hardwood forest

Meng et al. 2025 | https://doi.org/10.34133/research.1043

36.

37.

38.

39.

40.

41.

42.

43.

44,

indicates symptoms of a changing carbon cycle. Commun
Earth Environ. 2025;6(1):Article 418.

Wan W, Manning WJ, Wang X, Zhang H, Sun X, Zhang Q.
Ozone and ozone injury on plants in and around Beijing,
China. Environ Pollut. 2014;191:215-222.

Meng E, Hong S, Wang ], Chen A, Zhang Y, Zhang Y,
Janssens IA, Mao J, Myneni RB, Pefiuelas J, et al. Climate

change increases carbon allocation to leaves in early leaf green-

up. Ecol Lett. 2023;26(5):816-826.

Zhou Z, Ollinger SV, Lepine L. Landscape variation in canopy
nitrogen and carbon assimilation in a temperate mixed forest.
Oecologia. 2018;188(2):595-606.

Duveneck MJ, Thompson JR, Wilson BT. An imputed forest
composition map for New England screened by species range
boundaries. For Ecol Manag. 2015;347:107-115.

Foster DR. Land-use history (1730-1990) and vegetation dynamics
in central New England, USA. ] Ecol. 1992;80(4):753-772.
Richardson AD, Hollinger DY, Aber JD, Ollinger SV,

Braswell BH. Environmental variation is directly responsible
for short- but not long-term variation in forest-atmosphere
carbon exchange. Glob Chang Biol. 2007;13(4):788-803.
Ollinger SV, Aber JD, Reich PB, Freuder RJ. Interactive effects
of nitrogen deposition, tropospheric ozone, elevated CO,

and land use history on the carbon dynamics of northern
hardwood forests. Glob Chang Biol. 2002;8(6):545-562.
Hollinger DY, Davidson EA, Fraver S, Hughes H, Lee JT,
Richardson AD, Savage K, Sihi D, Teets A. Multi-decadal
carbon cycle measurements indicate resistance to external
drivers of change at the Howland Forest AmeriFlux site.

J Geophys Res Biogeosci. 2021;126(8):Article €2021JG006276.
Wason JW, Dovciak M. Tree demography suggests multiple
directions and drivers for species range shifts in mountains of
Northeastern United States. Glob Chang Biol. 2017;23(8):
3335-3347.

14

920z ‘0z Afenuer uo A1sAIUN 821y T Bi0aous1os’ [dsy/:sdny woly papeojumoq


https://doi.org/10.34133/research.1043

	Regional Projections of the Impacts of Future Urbanization and Climate Change on Biogeochemical Cycles in New England Landscapes
	Introduction
	Results
	Model calibration
	Future changes in C storage in New England under land-cover and climate change scenarios
	Future changes in N storage in New England under land-cover and climate change scenarios
	Future changes in water dynamics in New England under land-cover and climate change scenarios

	Discussion
	Future changes in carbon storage in regional simulations in New England
	Future changes in N storage in regional simulations
	Future changes in water dynamics in regional simulations
	Model validation and future study

	Conclusion
	Methods
	Study region and calibration sites
	Model description and improvement
	Future scenarios’ construction
	Model calibration

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


