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[1] Dynamic hydrochemical models are useful tools for understanding and predicting the
interactive effects of climate change, atmospheric CO2, and atmospheric deposition on the
hydrology and water quality of forested watersheds. We used the biogeochemical model,
PnET-BGC, to evaluate the effects of potential future changes in temperature, precipitation,
solar radiation, and atmospheric CO2 on pools, concentrations, and fluxes of major elements
at the Hubbard Brook Experimental Forest in New Hampshire, United States. Future
climate projections used to run PnET-BGC were generated specifically for the Hubbard
Brook Experimental Forest with a statistical technique that downscales climate output (e.g.,
air temperature, precipitation, solar radiation) from atmosphere-ocean general circulation
models (AOGCMs) to a finer temporal and spatial resolution. These climate projections
indicate that over the twenty-first century, average air temperature will increase at the site
by 1.7�C to 6.5�C with simultaneous increases in annual average precipitation ranging from
4 to 32 cm above the long-term mean (1970–2000). PnET-BGC simulations under future
climate change show a shift in hydrology characterized by later snowpack development,
earlier spring discharge (snowmelt), greater evapotranspiration, and a slight increase in
annual water yield (associated with CO2 effects on vegetation). Model results indicate that
under elevated temperature, net soil nitrogen mineralization and nitrification markedly
increase, resulting in acidification of soil and stream water, thereby altering the quality of
water draining from forested watersheds. Invoking a CO2 fertilization effect on vegetation
under climate change substantially mitigates watershed nitrogen loss, highlighting the need
for a more thorough understanding of CO2 effects on forest vegetation.
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1. Introduction
[2] In the northeastern United States, air temperature has

been increasing at a rate of nearly 0.27�C per decade since
1970 [Northeast Climate Impact Assessment (NECIA),
2006]. Changes in precipitation are more variable, but
regionally show an overall average increase of 100 mm over
the same time period [Hayhoe et al., 2007]. Climate projec-
tions from coupled atmosphere-ocean general circulation
models (AOGCMs) suggest that, across the northeastern
U. S., annual average air temperature and precipitation will

continue to increase over the twenty-first century. The
extent of these increases depends on future green house gas
emissions; a lower emissions scenario (B1) is projected to
increase air temperature by 2.1�C and annual precipitation
7%, while a higher emissions scenario (A1fi) would increase
air temperature by 5.3�C and precipitation by 14%, with
larger changes in winter and spring as compared to summer
and fall [Hayhoe et al., 2007, 2008].

[3] The direct and indirect effects of climate change on
terrestrial and aquatic ecosystems are likely to be complex
and highly variable in time and space [Campbell et al.,
2009]. Climatic effects should not be studied in isolation
from other aspects of global change, such as atmospheric
deposition and land disturbance. The combined influence of
multiple factors contributes to the complexity of assessing
the effects of global climate change on forest ecosystems.

[4] The coarse spatial resolution (�100 km) of AOGCM
output has been particularly problematic for use as climate
input to hydrochemical models that are run at the local scale.
This issue is particularly challenging in small, high-elevation
watersheds in complex mountainous terrain because these
areas are strongly affected by local weather patterns. High-
elevation watersheds nevertheless, are critically important
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for managing water supplies. Recently, statistical techniques
have been developed to downscale coarse resolution
AOGCM output to a finer spatial resolution [Hayhoe et al.,
2004, 2007, 2008]. In this study we used these statistically
downscaled projections of temperature, precipitation, and
photosynthetically active radiation (PAR) as model input,
enabling simulations of future hydrochemistry at the small
watershed scale. Understanding the use of AOGCM output
in the application of hydrochemical models should improve
quantification of the direct and indirect effects of climate
change on water resources.

[5] The objective of this study was to use the hydrochemi-
cal model, PnET-BGC, to evaluate the direct and indirect
effects of global change drivers (i.e., temperature, precipita-
tion, solar radiation, CO2) on biogeochemical processes in a
northern hardwood forest ecosystem at the Hubbard Brook
Experimental Forest (HBEF) in New Hampshire. A sensitiv-
ity analysis was conducted to better understand how the
model responds to variations in climatic drivers, including air
temperature, precipitation, and PAR. This analysis improves
the understanding of the potential consequences of changing
climate in high-elevation forest watersheds, and the strengths
and limitations of using AOGCM-derived climate projections
as input to hydrochemical watershed models.

2. Methods
2.1. Site Description

[6] The HBEF is located in the southern White Moun-
tains of New Hampshire (43�560N, 71�450W) [Likens and
Bormann, 1995]. The site was established by the U. S. For-
est Service in 1955 as a center for hydrological research,
and in 1987 it was designated as a National Science Foun-
dation Long-Term Ecological Research (LTER) site. The
climate is humid continental, with short, cool summers and
long, cold winters. Soils are well-drained Spodosols with an
average depth of 1–2 m. Vegetation is mostly northern hard-
wood, dominated by sugar maple (Acer saccharum), Ameri-
can beech (Fagus grandifolia), and yellow birch (Betula
alleghaniensis). Conifer species are more prevalent at higher
elevations, consisting largely of balsam fir (Abies balsamea)
and red spruce (Picea rubens) [Johnson et al., 2000].

[7] The model was run for watershed 6 (W6), which has
one of the longest continuous records of meteorology, hydrol-
ogy, and biogeochemistry in the U. S. [Likens and Bormann,
1995; Likens et al., 1994] (available at http://www.hubbard-
brook.org/). The watershed area is 13.2 ha, with an elevation
range of 549–792 m. Watershed 6 was logged intensively
from 1910 to 1917, and has experienced some subsequent
disturbances including a hurricane in 1938, which prompted
some salvage logging, and an ice storm in 1998.

2.2. PnET-BGC

[8] PnET-BGC is a biogeochemical model that has been
used to evaluate the effects of climate change, atmospheric
deposition, and land disturbance on soil and surface waters in
northern forest ecosystems [Chen and Driscoll, 2005]. PnET-
BGC was created by linking the forest-soil-water model
PnET-CN [Aber and Driscoll, 1997; Aber et al., 1997] with
a biogeochemical (BGC) submodel [Gbondo-Tugbawa et al.,
2001], thereby enabling the simultaneous simulation of major
element cycles (Ca2þ, Mg2þ, Kþ, Naþ, C, N, P, S, Si, Al3þ,
Cl�, and F�). PnET-BGC has been used extensively to

evaluate fluxes of water and elements in forest ecosystems by
depicting ecosystem processes, including atmospheric depo-
sition, CO2 effects on vegetation, canopy interactions, plant
uptake, litterfall, soil organic matter dynamics, nitrification,
mineral weathering, chemical reactions involving gas, solid,
and solution phases, and surface water processes [Gbondo-
Tugbawa et al., 2001]. These processes determine the hydro-
chemical characteristics of the ecosystem because water and
solutes interact with forest vegetation and soil before emerg-
ing as surface runoff.

[9] Model inputs include climatic data (PAR, precipita-
tion, maximum and minimum temperature), atmospheric
CO2 concentration and atmospheric deposition (wet and
dry), vegetation type (northern hardwoods, spruce-fir), ele-
ment stoichiometry, soil characteristics (soil mass, soil cat-
ion exchange capacity, element weathering rates, soil cation
exchange and anion adsorption coefficients, water holding
capacity), and historical land disturbance (e.g., forest har-
vesting, hurricane, ice storm, fire) [Chen and Driscoll, 2005;
Gbondo-Tugbawa et al., 2001; Zhai et al., 2008]. A detailed
description of PnET-BGC is provided by Aber and Driscoll,
[1997], Aber et al. [1997], and Gbondo-Tugbawa et al.
[2001], including a sensitivity analysis of parameters.

[10] In this application, the model was run on a monthly
time step from year 1000 to 2100. This time frame includes
a spin-up period (1000–1850), which allows the model to
reach steady state under ‘‘background’’ conditions of cli-
mate and atmospheric deposition. Hindcast simulations
from 1850 to 2009 were based on estimates of historical
climate, atmospheric deposition, and land disturbance.
Early values for these inputs were recreated from historical
records [Aber and Federer, 1992; Driscoll et al., 2001] by
matching them with measured values later in the record
(for the HBEF meteorology and hydrology since 1955,
bulk deposition since 1963, and wet deposition since
1978). The model was run from 2009 through 2100 using
future global change scenarios that are based on projected
changes in climate, atmospheric CO2, and business as usual
scenarios for atmospheric deposition.

2.3. Algorithm for CO2 Effects on Vegetation

[11] Although there have been numerous CO2 enrichment
experiments [e.g., Ainsworth and Long, 2005; Ainsworth
and Rogers, 2007; Ainsworth et al., 2002; Norby et al.,
1999, 2010], few have occurred in forests [Ainsworth and
Long, 2005; Curtis and Wang, 1998; Curtis et al., 1995;
Ellsworth, 1999; Ellsworth et al., 1995; Lewis et al., 1996;
Saxe et al., 1998], and those have been short duration experi-
ments that have utilized relatively young stands [Drake
et al., 1997; Ellsworth, 1999; Nowak et al., 2004; Ollinger
et al., 2009; Saxe et al., 1998]. Nevertheless, we depicted
the effects of increasing atmospheric CO2 on forests using a
multilayered submodel of photosynthesis and phenology
developed by Aber et al. [1995, 1996], and modified by
Ollinger et al. [1997, 2002]. There are two confounding
effects of atmospheric CO2 on vegetation: changes in stoma-
tal conductance and a CO2 fertilization effect on biomass. In
order to simulate these effects, stomatal conductance and
photosynthesis are coupled [Jarvis and Davies, 1998] such
that stomatal conductance varies in proportion to changes in
ambient CO2 (Ca) across the boundary of stomata [Ollinger
et al., 2002, 2009; Saxe et al., 1998]. Water use efficiency
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(WUE) is a function of CO2 assimilation and is inversely
correlated to vapor pressure deficit (VPD) [Ollinger et al.,
2002, 2009]. The internal concentration of CO2 (Ci) is esti-
mated from Ci/Ca which is relatively constant in response to
changes in ambient CO2 [Beerling, 1996; Drake et al.,
1997; Ellsworth, 1999; Lewis et al., 1996; Nowak et al.,
2004; Ollinger et al., 2009; Saxe et al., 1998] and varies
with changes in foliar N [Farquhar and Wong, 1984]. There-
fore, the model depicts higher assimilation of CO2 along
with higher depletion of Ci in foliage with higher N [Ollinger
et al., 2002, 2009]. A detailed description of the processes
and parameters related to photosynthesis in the model are
described by Ollinger et al. [2009].

2.4. Future Climate Scenarios

[12] In this study we used data from three AOGCMs: the
U. S. National Oceanographic and Atmospheric Adminis-
tration/Geophysical Fluid Dynamics Laboratory model
CM2.1 (GFDL) [Delworth et al., 2006], the United King-
dom Meteorological Office Hadley Centre Coupled Model,
version 3 (HadCM3) [Pope et al., 2000], and the U. S.
Department of Energy/National Center for Atmospheric
Research Parallel Climate Model (PCM) [Washington et al.,
2000]. These three models have different climate sensitivities
in terms of equilibrium of global mean surface air temperature
change resulting from a doubling of atmospheric CO2 concen-
trations relative to preindustrial conditions (1850). GFDL and
HadCM3 have medium to medium-high climate sensitivities
(1.5�C–3.4�C and 2.0�C–3.3�C, respectively), while PCM
has a low climate sensitivity (1.3�C–2.1�C) [Hayhoe et al.,
2007, 2008; NECIA, 2006], covering the lower part of the
IPCC 1.5�C–4.5�C range [Intergovernmental Panel on
Climate Change (IPCC), 2007, NECIA, 2006]. We used the
Special Report on Emissions Scenarios [Nakićenović et al.,
2000] A1fi (fossil fuel-intensive) and B1 scenarios to repre-
sent possible higher- and lower-emission futures, respectively.
At the end of the current century (2099), atmospheric CO2

concentrations are estimated to reach 970 (ppm) under the
higher emissions scenario (A1fi) and 550 ppm under the
lower emissions scenario (B1), which are triple and double
preindustrial concentrations, respectively. In total, six climate
change scenarios were developed for this application (three
AOGCMs times two emissions scenarios).

[13] Monthly, coarse resolution AOGCM temperature,
precipitation, and solar radiation output was statistically
downscaled to 1/8� resolution for the period of 1960 to
2100 using a standard downscaling routine [Hayhoe et al.,
2007, 2008; Liang et al., 1994; NECIA, 2006]. A detailed
description, comparison, and validation of the AOGCM
downscaling method is provided by Campbell et al. [2011],
Hayhoe et al. [2004, 2007, 2008], and NECIA [2006] (see
auxiliary material).1

2.5. Model Application and Validation

[14] To evaluate model performance, we used two statisti-
cal indicators: normalized mean error (NME) and normalized
mean absolute error (NMAE) [Janssen and Heuberger, 1995],

NME ¼ P� O

O
; (1)

NMAE ¼

Xn

i¼1

ðjPi � OijÞ

nO
;

(2)

where Pi is the predicted value and Oi is the observed value
at time i. P and O are means of the individual observations
of Pi and Oi, respectively, and n is the number of observa-
tions. NME provides a comparison of the means of pre-
dicted and observed values and is an index of relative bias,
indicating overestimation (NME > 0) or underestimation
(NME < 0) of simulations. The NMAE, which is scaled
relative to mean observations, indicates any discrepancy
between model simulations and observed values. The
smaller the absolute value, the closer model simulations are
to observed values.

2.6. Sensitivity Analysis

[15] Building on previous sensitivity analyses for PnET-
BGC [Aber et al., 1997; Gbondo-Tugbawa et al., 2001;
Schecher and Driscoll, 1995], we evaluated the sensitivity
of model calculations to climatic inputs: temperature, pre-
cipitation, and PAR. The state variables used to assess
model sensitivity to these inputs were discharge, stream
NO�3 , DOC, acid neutralizing capacity (ANC), and soil
base saturation (BS%). These state variables were selected
because of their role in the acid-base status of soil and
water and the importance in water supply response to cli-
mate change. The sensitivity analysis was conducted by
testing the relative change in each state variable X values
divided by the relative change in the value of the input
(Input) tested [Gbondo-Tugbawa et al., 2001]. Thus, the
sensitivity of an input SInput,X is as follows [Jørgensen,
1988]:

S Input;X ¼
@X=X

@Input=Input
: (3)

[16] Higher SInput,X values indicate that the model is
more sensitive to that climate driver [Jørgensen, 1988]. A
positive number indicates a positive correlation between the
parameter and the state variable, while a negative number is
an indication of negative correlation [Gbondo-Tugbawa
et al., 2001; Jørgensen, 1988]. The range of maximum and
minimum temperature, precipitation, and PAR used for this
analysis was determined from long-term measurements at
the HBEF. Climatic input values included: the warmest and
coolest year, wettest and driest year, and maximum and
minimum long-term annual PAR values. In each model run,
all other inputs and parameters were held constant, while
varying only one maximum or minimum value for the input
of interest (total of six runs).

3. Results
3.1. Model Performance

[17] The predicted annual streamflow over the measure-
ment period of 1964–2008 generally matched observed val-
ues, with the exception of 1973, 1990, and 1996, which are
the three highest annual discharge years on record and were
underpredicted by the model (NME ¼ –0.02, NMAE ¼
0.07; see Table 1 and Figure 1a). A long-term increase in
discharge at the HBEF is consistent with a pattern of

1Auxiliary materials are available in the HTML. doi:10.1029/
2011WR011228.
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increasing precipitation [Campbell et al., 2011]. The sea-
sonal variation in streamflow matched observed values rea-
sonably well (Table 2), although there was variability in
model performance metrics over different seasons with
minimum (NMAE ¼ 0.19) and maximum (NMAE ¼ 0.31)
discrepancies over spring (April–June) and winter (January–
March), respectively. The model slightly underpredicted
spring (NME ¼ –0.08) and winter (NME ¼ –0.07) stream
discharge while slightly overpredicting summer (July–
September) (NME ¼ 0.07) and fall (October–December)
(NME ¼ 0.06) streamflow (Table 2).

[18] The model generally captured the long-term trend of
decreasing ðSOÞ2�4 concentration and showed little overpre-
diction (NME ¼ 0.03, NMAE ¼ 0.06; see Table 1 and
Figure 1b). The model reproduced the long-term pattern of
stream NO�3 concentration until �1990 (1964–1990; NME
¼ 0.12, NMAE ¼ 0.36; see Table 1 and Figure 1c), after
which the model overpredicted measured NO�3 , resulting in
poorer model performance compared to SO2�

4 over the re-
cord (NME ¼ 1.17, NMAE ¼ 1.38; see Table 1).

[19] Stream Ca2þ was somewhat underpredicted by the
model during the beginning of the record (Figure 1d), espe-
cially the peak in 1970, and overpredicted during the latter
part of the record. However, overall, the model sufficiently
captured the declining trend of observed Ca2þ values
(NME < 0.01, NMAE ¼ 0.19; see Table 1). The model
also simulated stream concentrations of Mg2þ (NME ¼
0.05, NMAE ¼ 0.12; see Table 1), Kþ (NME < 0.01,
NMAE ¼ 0.16; see Table 1) and Naþ (NME ¼ 0.03,
NMAE ¼ 0.09; see Table 1) reasonably well.

[20] Measured stream water concentrations of dissolved
organic carbon (DOC) are available from 1982 (Figure 1e).
The simulated annual volume-weighted average concentra-
tion of DOC in stream water depicted the measured values
reasonably well (NME ¼ 0.03, NMAE ¼ 0.14; see Table 1).
The long-term average DOC concentration produced by the
model was 167 lmol C L�1, which was comparable to the
measured value of 162 lmol C L�1.

[21] The model also captured the trend in stream water
pH but slightly underpredicted values (NME < –0.01,
NMAE ¼ 0.02; see Table 1 and Figure 1f). The model
also underpredicted ANC values (NME ¼ 4.24, NMAE ¼
–4.24; see Table 1). The average of the simulated and
measured stream water ANC is –12.7 and –2.4 leq L�1,

respectively. The underpredictions in stream pH and ANC
are consistent with the overprediction of NO�3 in recent
years. Simulated soil base saturation was 10%, which is
comparable to a field value of 9.5% measured in 1983 by
Johnson et al. [1991].

3.2. Sensitivity Analysis

[22] The selected state variables showed the greatest
response to variations in temperature and PAR (Table 3).
Higher temperatures increased model predictions of NO�3
and DOC concentrations and decreased discharge, ANC,

Table 1. Summary of Annual Model Performance Metrics
Normalized Mean Error (NME) and Normalized Mean Absolute
Error (NMAE) Over the Period of 1964 to 2008

Simulated Constituent

Model Performance

NME NMAE

Stream flow �0.02 0.07
SO2�

4 0.03 0.06
NO�3 (1964–1990) 1.17 (0.12) 1.38 (0.36)
Ca2þ <0.01 0.19
Mg2þ 0.05 0.12
Kþ <0.01 0.16
Naþ 0.03 0.09
DOC 0.03 0.14
pH <�0.01 0.02
ANC 4.24 �4.24

Figure 1. A comparison of measured and simulated val-
ues of (a) annual discharge and annual volume-weighted
concentrations of (b) SO2�

4 , (c) NO�3 , (d) Ca2þ, (e) DOC,
and (f) stream water pH over the period 1964–2008 at water-
shed 6 of the Hubbard Brook Experimental Forest, N. H.
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and soil BS%. The sensitivity analysis also suggested that
higher annual precipitation decreased NO�3 and DOC con-
centrations and soil BS%, while increasing ANC. Higher
PAR values resulted in a decrease in discharge and NO�3
concentrations and increased DOC, ANC, and soil BS%.
Precipitation had the greatest effect on discharge. The most
sensitive state variable in this analysis was NO�3 , which
strongly influenced ANC and soil BS%. The least sensitive
state variable was DOC, which was most dependent on
temperature.

3.3. Future Climatic Projections

[23] The average measured temperature for HBEF is
5.7 (�C) (station 1: 1955–2008). Statistically downscaled
AOGCM climate projections for the HBEF indicated
increases in average air temperature of 1.7�C to 6.5�C by
the end of the century, depending on the AOGCM and
greenhouse gas emission trajectory selected (Table 4). The
greatest temperature increase was projected by HadCM3-
A1fi, while PCM-B1 showed the most modest increase.
Precipitation projections were highly variable, ranging
from 4 to 32 cm above the long-term annual measured av-
erage of 144 cm. Long-term annual average PAR at the
HBEF is 566 mmol m�2 s�1, and the climate projections
indicate changes ranging from –26.7 to 143.1 mmol m�2 s�1

by 2100 depending on the scenario and model considered.

3.4. Hydrology

[24] Based on PnET-BGC model results, climate change
is projected to cause substantial temporal shifts in hydro-
logic patterns at the HBEF (Figure 2). Modeling results
indicate that spring (April–June) snowmelt will occur earlier
and will be less extreme in the future. Low flows associated
with enhanced evapotranspiration during the summer
months (July–September), will extend earlier into the spring
and later into the fall (October–December). Future stream-
flow in late fall and early winter (January–March) will
increase because of less snowpack accumulation due to
warmer air temperatures and concurrent declines in the ratio
of snow to rain.

3.5. Soil and Stream Water Chemistry

[25] Model simulations showed that annual volume-
weighted NO�3 concentrations are projected to increase sub-
stantially over the next century under all six climate-change
scenarios considered (Figures 3a and 4a, Table 5). Under
HadCM3-A1fi, B1, and GFDL-A1fi, B1 scenarios, predicted
annual volume-weighted NO�3 concentration peaked around
mid-century (2042, 2049, 2059, 2037, respectively) and then
declined toward 2100 (see auxiliary material). In compari-
son, peaks in annual volume-weighted stream NO�3 concen-
tration under PCM-A1fi and B1 scenarios were delayed until
later in the century. Average annual volume-weighted NO�3
concentrations for the last 30 years of the twenty-first cen-
tury are projected to range from 77 to 132 lmol L�1, com-
pared with an average annual observed value of 18 lmol
L�1 for the past 30 years.

[26] The model projections for stream SO2�
4 showed a

decline in concentration until �2025, and leveled off after
that as the watershed approached steady state with respect
to the business-as-usual scenario for atmospheric S deposi-
tion (Figures 3b and 4b). The average annual volume-
weighted SO2�

4 concentration projected for 2070–2100 ranged
from 23 to 27 lmol L�1, which is lower than the average an-
nual measured value of 53 lmol L�1 for the past 30 years.

[27] The model simulations of DOC showed that under
all scenarios concentrations decreased over the next cen-
tury (Figures 3c and 4c, Table 5). The average DOC
concentrations projected for 2070–2100 range from 92 to
138 lmol C L�1, which is somewhat lower than the mean
annual measured value of 160 lmol C L�1 for 1982–2000.

[28] The model simulations for stream Ca2þ exhibited
patterns that were correlated with changes in NO�3 (Figures
3d and 4d). For the HadCM3 and GFDL simulations, an-
nual volume-weighted Ca2þ concentrations increased until
mid century, followed by a decline to the end of the cen-
tury. Under the PCM simulations, stream Ca2þ remained
constant until mid century and then increased in response
to the later increase in NO�3 . The average annual volume-
weighted concentrations of Ca2þ for 2070–2100 ranged
from 17 to 24 lmol L�1 (HadCM3-B1 and PCM-A1fi,
respectively), which is comparable to the measured value
of 25 lmol L�1 for 1970–2000. The soil BS% simulation
reflected the stream NO�3 and Ca2þ response, decreasing by
almost 50% under the high temperature scenarios, while
increasing slightly under lower temperature scenarios. The
projected soil BS% for 2070–2100 ranged from 5.1% to
9.0%, in contrast to an average measured value of 9.5%
[Johnson et al., 1991].

[29] Future model projections of pH showed decreases
under all scenarios (Figures 3e and 4e). The average annual
volume-weighted pH projected for 2070–2100 ranged from
4.4 to 5.0, which encompasses the measured volume-
weighted mean of 4.9 for 1970–2000. Depending on the

Table 2. Summary of Annual and Seasonal Streamflow Model
Performance Metrics Normalized Mean Error (NME) and Normal-
ized Mean Absolute Error (NMAE) Over the Period of 1964 to
2008

Period

Model Performance

NME NMAE

Annual �0.02 0.07
Spring �0.08 0.19
Summer 0.07 0.29
Fall 0.06 0.20
Winter �0.07 0.31

Table 3. Summary of Model Sensitivity Analysis to Changes in Temperature, Precipitation, and Photosynthetically Active Radiation
(PAR)

Parameter Range SDischarge SNO�3 SDOC SANC S%BS

Temperature (�C) 4.46–7.22 �0.03 1.44 0.05 �1.29 �0.09
Precipitation (cm) 104.26–182.45 1.01 �0.51 �0.02 0.59 �0.02
PAR (mmol m�2 s�1) 456.15–629.99 �0.05 �1.43 0.04 1.25 0.24
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scenario used, the acid-base response of the ecosystem to
historic acidic deposition ranged from some recovery to no
recovery. Acid neutralizing capacity (ANC) projections
followed a similar pattern as pH. For the mean of 2070–
2100 simulated ANC ranged from –9.5 to –42.2 leq L�1,
which is less than the measured mean annual volume-
weighted ANC of –3.4 leq L�1 for 1988–2000.

[30] Annual element mass balances for each future cli-
mate change scenario were calculated to assess patterns in
the fluxes and pools of major elements (NHþ4 �N, NO�3 �N,
C, Ca2þ, Al) and associated processes depicted in PnET-
BGC (Table 5). We summarized the PnET-BGC model
results by calculating average output values using all six
future climate-change scenarios. These average values were
then used to examine the retention and loss of elements in
the watershed over the period 2070–2100, and were com-
pared with the average of simulated values for 1970–2000.
The mass balances show that increases in stream water NO�3
associated with higher temperature were mainly due to
higher rates of N mineralization and nitrification. While
NHþ4 uptake by vegetation declined slightly, NO�3 uptake
greatly increased, resulting in an increase in total N assimi-
lated by plants and a decrease in the pool of N in humus.
Mobilization of Al from soil was enhanced due to acidifica-
tion caused by high NO�3 concentrations. Mineralization of
carbon (C), without considering CO2 effects on vegetation,
decreased compared to the reference period, causing
decreases in the humus C pool while the amount of C seques-

trated in vegetation increased substantially. Uptake of Ca by
vegetation declined, as did the humus and soil exchangeable
pools; however, the total pool of Ca in plants increased.

3.6. Modeled CO2 Effect

[31] Modeling results showed that the effect of increasing
atmospheric CO2 on vegetation had little impact on the sea-
sonal distribution of stream discharge, causing only a slight
increase in the quantity of streamflow during the growing
season (Figure 2). A more detailed analysis of hydrologic
responses to changes in climate and atmospheric CO2 using
PnET-BGC is given by Campbell et al. [2011].

[32] Compared to hydrology, including CO2, effects on
vegetation in the model had a more pronounced influence
on stream NO�3 concentrations, with substantially lower
concentrations when CO2 effects were considered (Figures
3a and 4a, Table 5). The results for model runs with CO2

effects on vegetation, using the four lower and moderate
scenarios of climate change (HadCM3-B1, GFDL-B1,
PCM-A1fi, PCM-B1), indicated that the average annual
volume-weighted NO�3 concentration for the last 30 years
of the twenty-first century ranged from 9 to 22 lmol L�1,
whereas NO�3 concentrations for the two warmest scenarios
(HadCM3-A1fi and GFDL-A1fi) were substantially higher
(85 and 79 lmol L�1, respectively). This differential
response is due to a plateau in CO2 fertilization that occurs
at concentrations above 600 ppm, such that increased plant
demand for N uptake is not able keep the pace with

Figure 2. Comparison between measured monthly discharge for 1970–2000 and simulated mean
monthly discharge for 2070–2100 with and without considering CO2 effects on vegetation. Note the
future climate-change scenario depicted in these results is from HadCM3 A1fi.

Table 4. Summary of Climate Projections From Statistically Downscaled AOGCM Outputa

1970–2000

2070–2100

HadCM3 PCM GFDL

Observed A1fi B1 A1fi B1 A1fi B1

Temperature (�C) 5.7 6.5 3.1 3.5 1.7 4.4 2.0
Annual precipitation (cm) 144 31.7 21.5 3.9 12.7 20.2 15.4
PAR (mmol m�2 s�1) 566 �4.6 41.2 104.7 143.1 17.2 �26.7

aThe value shown for each scenario is the difference between the mean of measured values for the reference period 1970–2000 and the period 2070–2100.
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increased available N pools from higher N mineralization
associated with increasing temperature. In contrast to simu-
lations of climate change, stream NO�3 concentrations were
lower under scenarios with the CO2 effect on vegetation
included. A condition of ecosystem N saturation was not as
prominent, as elevated tree growth associated with CO2 fer-
tilization largely mitigated elevated NO�3 losses.

[33] The model projections for stream Ca2þ concentra-
tion were lower when CO2 effects were included in the
model (Figures 3d and 4d, Table 5). Under the four lower
and moderate climate scenarios (HadCM3-B1, GFDL-B1,
PCM-A1fi, PCM-B1), the decline in the stream water Ca2þ

concentration was due to enhanced uptake of Ca2þ by veg-
etation associated with CO2 fertilization. Under the two
warmest climate scenarios (HadCM3-A1fi and GFDL-A1fi),
the peak in Ca2þ occurred later in response to elevated
NO�3 . The average annual volume-weighted concentration
of Ca2þ for 2070–2100 for the four lower and moderate sce-
narios with CO2 effects varied between 13 and 15 lmol L�1

compared to a measured mean value of 25 lmol L�1 for
1970–2000. The average annual volume-weighted Ca2þ con-
centrations for 2070–2100 for the warmest model simula-
tions (HadCM3-A1fi and GFDL-A1fi) with CO2 effects
were 20 and 22 lmol L�1, respectively.

Figure 3. Past and future projections of annual volume-weighted concentrations of (a) NO�3 , (b) SO2�
4 ,

(c) DOC, (d) Ca2þ, and (e) pH in stream water under A1fi scenarios with and without considering CO2

effects on vegetation. Shown are measured data and simulations using input from three AOGCMs under
high emission scenarios (A1fi).
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[34] Invoking CO2 effects under climate change resulted
in a change in the simulation of DOC loss (Figures 3c and
4c, Table 5). The simulated mean DOC concentrations for
2070–2100 were higher in comparison to values from
model simulations without CO2 effects on vegetation and
exhibited an increased variation. The average DOC concen-
trations for the four lower and moderate scenarios with
CO2 effects on vegetation for 2070–2100 vary from 137 to
163 lmol C L�1, while for the two warmest scenarios
(HadCM3-A1fi and GFDL-A1fi) mean DOC concentrations
were 126 and 112 lmol C L�1, respectively.

[35] Future model projections of pH under the four lower
and moderate scenarios of climate change with CO2 effects
showed recovery from the current conditions by up to 1 pH
unit (steady state value �6). The annual volume-weighted pH
for the four low and moderate scenarios including CO2 effects
for 2070–2100 varied between 5.90 and 6.24, while pH values
for the two warmest scenarios (HadCM3-A1fi and GFDL-
A1fi) were considerably lower (4.84 and 4.95, respectively).
Acid neutralizing capacity projections followed patterns simi-
lar to that of pH. The mean annual volume-weighted ANC for
the four low and moderate scenarios of climate change with

Figure 4. Past and future projections of annual volume-weighted concentrations of (a) NO�3 , (b) SO2�
4 ,

(c) DOC, (d) Ca2þ, and (e) pH in stream water under B1 scenarios with and without considering CO2

effects on vegetation. Shown are measured data and simulations using input from three AOGCMs under
low emission scenarios (B1).
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CO2 fertilization for 2070–2100 ranged from 6.9 to 15.5
leq L�1, in comparison with –3.4 leq L�1 for mean annual
measured values (for 1988–2000). Model simulations suggest
that the mean annual volume-weighted ANC values for
HadCM3-A1fi and GFDL-A1fi (the two warmest) were –13.6
and –10.5 leq L�1, respectively. Model outputs for soil %BS
followed a similar pattern as NO�3 , pH, and ANC. There was
some increase in soil %BS under four moderate and low tem-
perature scenarios, which ranged from 10.0% to 13.3% for
the period of 2070–2100. The average %BS for the last 30
years of the twenty-first century produced by HadCM3-A1fi
and GFDL-A1fi, however, were comparatively low (4.3 and
5.6, respectively). These results suggest that when CO2 fertil-
ization stimulates tree growth without elevated NO�3 leaching,
recovery from acidic deposition will occur, resulting in an
increase in stream pH, ANC, and soil %BS. However, under
the highest temperature scenarios (HadCM3-A1fi and GFDL-
A1fi) enhanced mineralization of soil N and NO�3 leaching
reacidify soil and stream water.

[36] The model simulations indicated that climate
change may alter the hydrologic cycle and the seasonality
of stream discharge. Since drainage strongly influences
element transport [Likens and Bormann, 1995] seasonal
changes in discharge may also alter the seasonal patterns of
chemical constituents. We assessed changes in seasonal
patterns of concentrations of NO�3 , Ca2þ, pH, and ANC
under all climate-change scenarios with and without CO2

effects on vegetation over the period of 2070–2100 and
compared these with the seasonal patterns of measured val-
ues from 1970–2000. The timing, patterns, and magnitude
of stream water NO�3 concentrations are highly variable
depending on the climate scenarios used (see auxiliary ma-
terial). Since NO�3 is the main driver of acid-base status of
the ecosystem, Ca2þ, pH, and ANC follow similar patterns.
These results suggest that as climate change will likely alter
the overall element concentrations and fluxes, these
changes will be manifested in the seasonal patterns of ele-
ments concentrations and fluxes and the timing of these
changes.

[37] Element mass balances showed that when CO2

effects were included, the uptake of NHþ4 by vegetation
increased and exceeded the uptake of NO�3 . Also, the
amount of total N sequestrated in plants increased, which
was followed by an increase in N in litterfall and the humus
pool. Nitrification rates decreased compared with values
without considering CO2 effects, causing less NO�3 leach-
ing. Carbon sequestration by plants increased, which was
followed by an increase in litterfall, the humus pool, and
the mineralization of organic C, ultimately resulting in
increases in stream water DOC. The amount of Ca2þ

sequestrated in plants increased, which was followed by an
increase in litterfall and the mineralization of Ca2þ. Pools
of exchangeable Ca2þ in soil also increased due to lower
concentrations of NO�3 .

4. Discussion
4.1. Model Performance

[38] Overall, the model performed well and adequately
simulated the observed values. The model satisfactorily
captured seasonal variation in streamflow patterns, with
slight overprediction during summer and fall, and slightT
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underprediction during spring and winter. These over- and
underpredictions are manifested in a slight underprediction
of annual discharge. Therefore, the model captured the gen-
eral annual hydrologic pattern over the period of 1964–
2008 without any tendency in over- or underprediction.

[39] Although there was a slight overprediction of stream
SO2�

4 , the model captured the long-term trend of decreasing
SO2�

4 concentration. This long-term decline in stream SO2�
4

is due to emission controls of SO2 associated with the 1970
and 1990 Amendments to the Clean Air Act [Driscoll et al.,
2001]. In general, the model overpredicted NHþ4 concentra-
tions. Because of the low selectivity coefficient for soil-
NHþ4 exchange (Log K ¼ –0.107) [Gbondo-Tugbawa et al.,
2001], the exchangeable pool of NHþ4 is very small. The
higher simulated concentration of NHþ4 and subsequent
increase in soil pools triggered higher rates of nitrification
and soil N mineralization, which contributed to the overpre-
diction of NO�3 in stream water. There has been an unex-
plained decline in measured stream NO�3 concentrations at
the HBEF and surrounding region despite a high chronic
atmospheric deposition of N and the increasing age of the
forest [Goodale et al., 2003, 2005] which is consistent with
an overprediction of simulated stream NO�3 concentrations.
Modeling the N cycle in forest ecosystems is a challenge due
to complexity, confounding factors, and limitations in knowl-
edge about the N cycle in forest ecosystems, hampering the
development of algorithms in the model that enable adequate
depiction of stream water N losses. PnET-BGC incorporates
current thinking of the nitrogen cycle of forest ecosystems to
the extent that we understand it, but until a mechanism for
the decrease in N loss can be identified and quantified it
seems dishonest to modify an input or parameter of the
model or invoke a poorly understood process to fit the meas-
ured data. Nevertheless, PnET-BGC is effective in simulating
the response of the N to vegetation disturbance [Aber et al.,
2002] and so likely captures the plant-soil perturbation asso-
ciated with changing climate.

[40] The model calculates pH from a charge balance of
all ions in stream water and mass law expressions of dis-
solved inorganic carbon, Al, and natural occurring organic
acids [Gbondo-Tugbawa et al., 2001]. Accurate modeling
of pH is a key component in most watershed models which
simulate acid-base chemistry because many biological
processes and effects are closely linked with pH [Gbondo-
Tugbawa et al., 2001]. Simulation of pH is especially chal-
lenging in systems with ANC values close to 0 leq L�1,
like the HBEF (pH 4.7–5.7) [Davis et al., 1987]. Since pH
values are affected by all biogeochemical processes which
influence the concentrations of ionic solutes, slight errors in
the simulation of major elements can result in high varia-
tion and possible errors in pH predictions. Based on model
performance criteria for pH, slight overprediction of SO2�

4
and NO�3 are compensated for, to some extent, by slight an
overprediction of base cations. The underprediction of
ANC values are mainly due to overprediction of NO�3 and
naturally occurring organic acids (i.e., DOC).

4.2. Sensitivity Analysis

[41] The sensitivity analysis showed that state variables
were most responsive to variations in temperature and PAR.
Higher temperatures resulted in higher rates of mineralization

and nitrification, causing a higher NO�3 concentration and
lower ANC in stream water and lower soil %BS. Higher
PAR results in higher rates of photosynthesis and greater
plant uptake of nutrients, especially N, causing lower surface
water NO�3 and higher values of ANC and soil %BS. Also,
higher photosynthesis and the associated increase in vegeta-
tion growth and litterfall led to the projected increase in
DOC. DOC was most sensitive to temperature since it is a
by-product of organic carbon mineralization. Stream water
discharge showed a high dependency on precipitation. The
results of this sensitivity analysis coupled with the previous
sensitivity analysis of PnET-BGC inputs and parameters
[Gbondo-Tugbawa et al., 2001] show that model predictions
are relatively sensitive to changes in climate, indicating that
future climate change will likely elicit a marked hydrochemi-
cal response in temperate forest watersheds.

4.3. Modeling Results for Hydrology, Soil, and Stream
Water Chemistry

[42] Under PnET-BGC model runs without CO2 effects,
warmer temperatures in the future caused a decrease in soil
moisture and an increase in vapor pressure deficit, despite
the increase in precipitation. These factors decrease evapo-
transpiration and cause midsummer drought stress, the extent
of which is dependent on the climate-change scenario con-
sidered. Although wood net primary production (NPP)
increased due to warmer temperatures and a longer growing
season, repeated midsummer drought is projected to
decrease maximum leaf area index, foliar NPP, and litterfall
and fine root NPP [Aber and Federer, 1992; Campbell
et al., 2009, 2011] (Table 5). Overall, these changes translate
into less C sequestration in foliage and fine roots, and more
in wood. Because of slower decomposition rates associated
with woody litter, the model simulates a decrease in C trans-
fer to humus. The increase in wood NPP does not offset the
decline in the litter inputs (sum of leaf litterfall and fine
roots) to the soil organic matter (SOM) pool.

[43] The assimilation of N, Ca, and other nutrients in plant
tissues was similar to the pattern for C. The result of the shift
in NPP was a decrease in litterfall elements, causing declines
in the humus pool (Table 5). Because of water stress, the
plant demand for N decreased and the available N pool for
plants increased, resulting in a 6.6% decrease in the C:N ra-
tio of the humus pool (Table 5). Although both model simu-
lations and observed values show that the HBEF is currently
a sink for atmospheric N deposition, future model simula-
tions suggest that climate change may cause the site to shift
to N source to downstream aquatic ecosystems. Note that
previous experiments and measurements at the HBEF have
demonstrated that the N cycle is very sensitive to ecosystem
disturbance that affects forest vegetation [Likens et al.,
1970; Houlton et al., 2003].

[44] The elevated export of NO�3 from forest soils to sur-
face waters is an environmental concern in the northeastern
U. S. and elsewhere [Aber et al., 2003; Driscoll et al.,
2003]. Elevated leaching losses of NO�3 facilitate the deple-
tion of cations from soil, and contribute to soil and surface
water acidification [Driscoll et al., 2003]. High NO�3 can
lead to water quality impairments and can contribute to the
eutrophication of coastal waters. It is challenging to model
N losses from forest ecosystems, due to a poor understand-
ing of processes that control N cycling, particularly those
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associated with immobilization and denitrification [e.g.,
Dail et al., 2001; Venterea et al., 2004]. Nitrogen retention
is sensitive to a variety of factors, including the legacy
effects of historical land use and disturbance which are often
poorly characterized [Aber et al., 2002]. Despite these uncer-
tainties, PnET-BGC is a useful tool for assessing the effects
of climate change on the N cycle since it accounts for other
disturbances including climate change, N deposition, and
atmospheric CO2 simultaneously [Ollinger et al., 2009].

[45] For model runs that did include CO2 effects, plant
WUE increased and midsummer drought did not occur
appreciably except under the two warmest scenarios
(HadCM3-A1fi and GFDL-A1fi). The effect of elevated
CO2 on stomatal conductance and the increase in WUE off-
set the effect of higher temperatures by enhanced tree
growth and higher nutrient uptake. Over the second half of
the century under the two warmest scenarios (HadCM3-
A1fi and GFDL-A1fi), the CO2 effect on vegetation was
not able to offset the effect of temperature; midsummer
droughts and water stress caused less uptake of N and the
elevated availability of N followed by nitrification and ele-
vated leachate of NO�3 . Increases in atmospheric CO2

resulted in increased tree growth and limited NO�3 leaching
over the first half of the twenty-first century, while tree
growth remained constant or decreased over the second
half of the century because of water stress. This pattern is
due to the nonlinear response of photosynthesis to increas-
ing atmospheric CO2. Over time, and especially under
higher CO2 emission scenarios and warmer temperatures,
the CO2 fertilization effect declines and N saturation
occurs, as temperature becomes the dominant driver of N
cycling. This work suggests that the legacy of an accumula-
tion of elevated N deposition in forest watersheds down-
wind of emission sources could have delayed deleterious
effects on soil and surface water. If stores of N are mineral-
ized under changing climate, the consequences of elevated
NO�3 leaching could be realized. In this study, we assumed
that N emissions remained at current levels and did not
consider future land disturbances in our simulations. If
atmospheric N deposition decreases or land disturbance
occurs in the future, N saturation would be delayed.

[46] Studies suggest that surface water DOC is increas-
ing in Europe and the northeastern U. S. The alternative
mechanisms explaining this phenomenon are declines in
acidic deposition or climate change [Clark et al., 2010;
Evans et al., 2006; Findlay, 2005; Freeman et al., 2001,
2004; Garnett et al., 2000; Monteith et al., 2007; Worrall
et al., 2003]. PnET-BGC simulations suggest that DOC
will decrease over the twenty-first century under all
climate-change scenarios. This modeled decline in DOC is
associated with a decline in litterfall and a decrease in soil C
mineralization rates (Table 5). The trends in stream water
DOC were modified under climate change in the presence of
CO2 fertilization. The higher productivity of the forest (NPP
and net ecosystem production) due to CO2 fertilization
increased litterfall in comparison to values from model simu-
lations without CO2 effects on vegetation (Table 5). An
increase in the decomposition of the organic matter pool,
triggered by higher temperatures, led to higher DOC concen-
trations in stream water. Note that when CO2 effects on vege-
tation were included in the simulations, large increases in
stream DOC were not evident. Our model simulations would

seem to be inconsistent with the hypothesis that climate
change is driving increases in surface water DOC.

[47] While hydrochemical models such as PnET-BGC pro-
vide useful information about how ecosystems may respond
to global change, they are somewhat limited by sources of
uncertainty. First, there are only a few studies that have eval-
uated the effects of CO2 fertilization on NPP, especially in
northern hardwood forest ecosystems [Ainsworth and Long,
2005; Curtis and Wang, 1998; Curtis et al., 1995; Ellsworth,
1999; Ellsworth et al., 1995; Lewis et al., 1996; Saxe et al.,
1998]. Experimental manipulations show that increased
atmospheric CO2 enhances plant productivity, but the extent
of this response over the long term in conjunction with other
global-change drivers is not well established. Second, it is
unclear how atmospheric deposition will change in the future,
which could substantially influence the element responses.
Moreover, we did not consider scenarios of future land dis-
turbance, which could further affect hydrologic and biogeo-
chemical dynamics. Third, changes in climate and other
factors (e.g., pests, pathogens) may alter the composition of
vegetation at the HBEF, which could also influence hydro-
logic (e.g., transpiration) and biogeochemical (e.g., uptake,
litterfall, decomposition) fluxes. While changes in established
tree species would occur slowly in response to climate
change, the effects might be more pronounced at locations
such as the HBEF, which are located in a transition forest
zone (between northern hardwoods and red spruce-balsam fir
forests). In this application, PnET-BGC model simulations
assumed that the watershed consisted of a homogeneous dis-
tribution of northern hardwood forest. In the future it would
be useful to evaluate the influence of shifts in species compo-
sition or to link PnET-BGC with a forest community model
that projects changes species assemblages. The temperature
conditions considered in some of the climate scenarios are
beyond the conditions under which parameter values were
developed for PnET-BGC. We are currently evaluating model
performance for watersheds of lower latitude to assess this li-
mitation. Finally, it is important to reduce the uncertainty of
climate-change projections, particularly for precipitation, by
continuing to improve climate models, downscaling techni-
ques (e.g., station-based instead of gridded), and linkages
with hydrochemical models.

5. Conclusions
[48] In this study we evaluated the hydrochemical

response of a northern hardwood forest watershed to pro-
jected changes in climate and atmospheric CO2. A sensitiv-
ity analysis showed that model output was sensitive to
climatic drivers that are changing and are expected to
change more in the upcoming decades (temperature, pre-
cipitation, solar radiation). As model calculations suggest
that under changes in climate that induce water stress
(decreases in summer soil moisture due to shifts in hydrol-
ogy and increased evapotranspiration), an uncoupling of
plant element cycling results in conditions of net minerali-
zation/nitrification and soil and water acidification. Forest
fertilization associated with increases in CO2 appears to
mitigate this perturbation somewhat. Moving forward,
there is a critical need to better understand the interplay
among multiple disturbances and the legacies of these eco-
systems in order to project their response to global change.
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