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Abstract

A cross-site analysis was conducted on seven diverse, forested watersheds in the northeastern United States to evalu-

ate hydrological responses (evapotranspiration, soil moisture, seasonal and annual streamflow, and water stress) to

projections of future climate. We used output from four atmosphere–ocean general circulation models (AOGCMs;

CCSM4, HadGEM2-CC, MIROC5, and MRI-CGCM3) included in Phase 5 of the Coupled Model Intercomparison Pro-

ject, coupled with two Representative Concentration Pathways (RCP 8.5 and 4.5). The coarse resolution AOGCMs

outputs were statistically downscaled using an asynchronous regional regression model to provide finer resolution

future climate projections as inputs to the deterministic dynamic ecosystem model PnET-BGC. Simulation results

indicated that projected warmer temperatures and longer growing seasons in the northeastern United States are

anticipated to increase evapotranspiration across all sites, although invoking CO2 effects on vegetation (growth

enhancement and increases in water use efficiency (WUE)) diminish this response. The model showed enhanced

evapotranspiration resulted in drier growing season conditions across all sites and all scenarios in the future. Spruce-

fir conifer forests have a lower optimum temperature for photosynthesis, making them more susceptible to tempera-

ture stress than more tolerant hardwood species, potentially giving hardwoods a competitive advantage in the future.

However, some hardwood forests are projected to experience seasonal water stress, despite anticipated increases in

precipitation, due to the higher temperatures, earlier loss of snow packs, longer growing seasons, and associated

water deficits. Considering future CO2 effects on WUE in the model alleviated water stress across all sites. Modeled

streamflow responses were highly variable, with some sites showing significant increases in annual water yield, while

others showed decreases. This variability in streamflow responses poses a challenge to water resource management

in the northeastern United States. Our analyses suggest that dominant vegetation type and soil type are important

attributes in determining future hydrological responses to climate change.
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Introduction

Small watersheds are hydrologically distinct landscape

units. Streams that drain watersheds provide an inte-

grated signal of ecosystem function. Therefore, stream

water at gauged watersheds can be used to evaluate

disturbance in upland terrestrial ecosystems. Climate

change is expected to alter many physical and biologi-

cal processes in forest ecosystems, which may in turn

influence the supply and temporal distribution of water

that flows to downstream rivers and estuaries (Stewart

et al., 2005; Hayhoe et al., 2007). Because of the potential

for this perturbation to affect water resources in the

northeastern United States and elsewhere, assessing the

effects of climate change on hydrological processes is

critically important.

Climate projections from coupled atmosphere–ocean
general circulation models (AOGCMs) suggest that

across the northeastern United States, annual average

air temperature and precipitation will continue to

increase during the 21st Century (NECIA, 2006;

Hayhoe et al., 2007; Melillo et al., 2014). Increases in

precipitation should result in more available water for
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runoff and evaporation. Warmer temperatures will

cause snow to melt earlier and the peak of the snow

melt hydrograph to shift earlier in spring (4–5 days

over 2010–2039) causing increases in soil moisture and

runoff in late winter and early spring (NECIA, 2006).

With an extended growing season, soil moisture will

decrease in late summer and early fall due to higher

evapotranspiration. It is anticipated that increases in

precipitation may not be able to compensate for this

increase in evapotranspiration, causing a greater proba-

bility for seasonal drought (NECIA, 2006; Campbell

et al., 2009; Pourmokhtarian et al., 2012; Melillo et al.,

2014). These effects are projected to be more pro-

nounced under higher CO2 emissions scenarios com-

pared to lower emissions scenarios, highlighting the

important effects of temperature on the hydrological

cycle in the northeastern United States (NECIA, 2006;

Melillo et al., 2014). Climate change is projected to con-

tinue across the northeastern United States (NECIA,

2006; Melillo et al., 2014) potentially altering ecosystem

services, the economy, and the quality of life. Although

the impacts of climate change are already evident on

United States ecosystems, predictions of the relative

importance of these changes and magnitude are highly

variable over time and space (Melillo et al., 2014).

The spatial and temporal variability and dynamics of

climate change challenge our ability to generalize the

effects of long-term climatic shifts for any given region.

To assess the potential impacts of climate change on

forested ecosystems and headwater streams that drain

them, a multifaceted approach is required that is cap-

able of resolving multiple climatic drivers (e.g., temper-

ature, precipitation quantity, and distribution) and

other anthropogenic stressors likely to simultaneously

affect ecosystems over the coming decades. Modeling is

a practical approach to probe how future changes in cli-

mate may interact with other global change drivers,

such as atmospheric deposition, land disturbance, and

increasing concentrations of atmospheric CO2 over

broad regions. Several studies in the northeastern Uni-

ted States have used physically based rainfall-runoff

models to evaluate effects of changing temperature and

precipitation on hydrology (e.g., Matonse et al., 2011,

2012; Fan et al., 2014; Demaria et al., 2016). However,

these models do not consider the role of vegetation on

hydrology, including the effects of higher atmospheric

CO2 concentrations on stomatal conductance and fertil-

ization. Therefore, dynamic watershed models that

incorporate the role of vegetation such as leaf physiol-

ogy, changes in leaf area index (LAI), soil moisture

availability, foliar N concentrations, carbon allocation,

and biomass production on hydrology are pivotal tools

to help understand the long-term effects of climate

change on water resources.

In this study, we evaluated hydrological responses to

climate change at seven small forested watersheds that

have been monitored intensively for decades. The

watersheds represent a range of climatic conditions,

historical land disturbance (e.g., harvesting, fires, ice

storms), and biophysical characteristics (e.g., latitude,

longitude, elevation, forest type, soil type). All water-

sheds have mature second-growth forests. The effect of

climate change on the hydrology at these watersheds

was assessed using PnET-BGC, a forest–soil–water

model that simulates water, energy, and element fluxes

at the small watershed scale (Gbondo-Tugbawa et al.,

2001). The overarching goal of our study was to better

understand the variability of climate change effects on

forested watershed hydrology in the northeastern Uni-

ted States.

Materials and methods

Study sites

Seven forested watersheds in the northeastern United States

with relatively long-term (14–45 years) and comprehensive

measurements of vegetation, soils, meteorology, hydrology,

and biogeochemistry were selected for this study (Fig. 1;

Table 1). These data are important for model parameterization

and testing. The study watersheds include the Hubbard Brook

Experimental Forest (HBEF) and Cone Pond Watershed

(CPW) in the White Mountains, New Hampshire; Bear Brook

Watershed in Maine (BBWM) in Maine; Sleepers River Water-

shed (SRW) in Vermont; Biscuit Brook (BSB) in the Catskill

Mountains, New York; Archer Creek in the Huntington Wild-

life Forest (HWF) in the Adirondack Mountains, New York;

and the Fernow Experimental Forest (FEF) in the Allegheny

Mountains, West Virginia (Fig. 1). The selected study sites are

all small to midsized, relatively undisturbed mid- to high-ele-

vation watersheds that represent different forest ecosystem

types (northern hardwoods, spruce-fir, central hardwoods)

and encompass a range of climate, atmospheric deposition,

soil conditions, and historical land disturbance. These small,

gauged watersheds as the units of study provide an opportu-

nity to quantify hydrological fluxes to evaluate the effects of

climate change on watershed hydrology. Brief descriptions of

the study sites are provided in supplemental materials and

summarized in Table 1.

PnET-BGC model

PnET-BGC is a deterministic dynamic ecosystem model that

includes physiological and biogeochemical processes and uses

generalized empirical relationships among water, nitrogen,

and carbon. It was developed by linking a forest–soil–water

model PnET-CN (Aber et al., 1997), with a biogeochemical

cycling submodel BGC (Gbondo-Tugbawa et al., 2001).

Through this coupling, PnET-BGC accounts for both water

and N limitations on forest productivity. A strength of this

model is its ability to simultaneously simulate fluxes of
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energy, water, and major elements (Ca2+, Mg2+, K+, Na+, C, N,

P, S, Si, Al3+, Cl�, and F�) in forest ecosystems. The model

considers major ecosystem processes, including atmospheric

deposition, CO2 effects on vegetation, canopy interactions

with precipitation, and atmospheric deposition, root uptake,

litterfall, soil organic matter dynamics, nitrification, mineral

weathering, chemical reactions involving gas, solid and solu-

tion phases, and surface water processes (Gbondo-Tugbawa

et al., 2001). PnET-BGC has been used to assess the effects of

climate change on hydrology (Campbell et al., 2011) and bio-

geochemistry (Pourmokhtarian et al., 2012) at Hubbard Brook,

as well as atmospheric deposition and land disturbance on soil

and surface waters in northern forest ecosystems at local and

regional scales (Chen & Driscoll, 2004, 2005; Chen et al., 2004;

Zhou et al., 2015). One limitation of the PnET-BGC model is

the assumption of a homogeneous distribution of vegetation

at the watershed scale and constant forest composition during

the simulation (i.e., no changes in species assemblages). There-

fore, the model does not consider vegetation changes that may

occur as climate changes, as well as other factors (e.g., pests,

pathogens), which could alter hydrological (e.g., transpiration)

and biological (e.g., uptake, growth) processes. Although

shifts in dominant tree species are expected to occur slowly in

response to changing climate absent major disturbance, the

effects might be more pronounced at study sites in forest tran-

sition zones (e.g., between northern hardwoods and red

spruce-balsam fir forests).

PnET-BGC requires inputs of meteorological data, atmo-

spheric deposition, forest disturbance history, vegetation, soil,

and site parameters. Meteorological inputs include a time ser-

ies of monthly maximum and minimum air temperature (°C),
photosynthetically active radiation (PAR; mmol m�2 s�1), pre-

cipitation (cm), and atmospheric CO2 concentration (ppm).

Atmospheric deposition includes monthly wet and constant

dry to wet ratios of major elements. PnET-BGC uses the

dominant forest cover type (i.e., northern hardwood trees,

spruce-fir, red oak/red maple, and red pine) and its associated

generalized physiological characteristics. Soil information

Fig. 1 Locations of the seven intensive study sites and their ele-

vations in meters.
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includes soil mass per unit area, cation exchange capacity,

cation exchange and anion adsorption coefficients, water-

holding capacity, element weathering rates, and elemental sto-

ichiometry. Site characteristics include historical land distur-

bance (e.g., forest harvesting, hurricane, ice storm, fire) as well

as latitude, longitude, and elevation (Gbondo-Tugbawa et al.,

2001; Chen & Driscoll, 2005; Zhai et al., 2008). The effects of

atmospheric CO2 on vegetation, including response of stom-

atal conductance and a CO2 fertilization effect on biomass,

were implemented by a multilayered submodel of photosyn-

thesis and phenology developed by Ollinger et al. (1997, 2002)

using a constant ratio of leaf internal to ambient concentration

of CO2 (Ci/Ca). A detailed description of PnET-BGC is pro-

vided by Aber & Driscoll (1997) and Aber et al. (1997), and a

detailed sensitivity analysis of parameters and state variables

is provided by Gbondo-Tugbawa et al. (2001) and

Pourmokhtarian et al. (2012). Model simulations were run on

a monthly time step with an initiation period starting at year

1000 to allow for the soil and vegetation pools to reach steady

state. Model hydrological outputs include monthly stream-

flow, transpiration, evaporation, water use efficiency, soil

moisture, water stress index (DWater), snow pack, and snow

melt. Because the model was run on a monthly time step, it

does not capture hydrological variability and processes (e.g.

rapid snow melt, intense precipitation event) that occur on a

finer time scale (e.g., daily). However, a monthly time step is

adequate to investigate the long-term response of watersheds

to anticipated changing climate.

The DWater term is a model-calculated estimate of the

degree of stomatal closure due to suboptimal water availabil-

ity. It is an unitless metric of water stress which ranges from 0

(full water stress) to 1 (absence of water stress). Soil water

stress (DWater) and actual evapotranspiration are functions of

plant water demand and available soil water for each time

step of a simulation (monthly for this analysis). If the plant

water demand is higher than available soil water for a month,

water stress occurs and the value of DWater decreases to <1
(e.g., a DWater value of 0.9 indicates that there is a 10% short-

age of available soil water for trees in that month of model

simulation). Therefore, if the sum of DWater for all months of

an annual simulation is 12, there is no water stress for any

month during that year. An annual DWater value <12 indi-

cates that trees experience water stress in some months over

an annual simulation. For this analysis, we subtracted mean of

simulated DWater values for the reference period (1970–2000)
from simulated DWater values for the period of 2070–2100 (Δ

DWater). Therefore, more negative Δ DWater values indicate

greater water stress of trees compared to the reference period.

The DWater index shows the effects of water stress on forest

net carbon gain, carbon allocation, and transpiration loss,

which is reflected by changes in hydrology.

Climate scenarios/downscaling

To estimate potential changes in climate during the 21st cen-

tury, we used modeled output from the IPCC AR5 (Flato et al.,

2013). Four AOGCMs that best represented past trends in pre-

cipitation in the region were included in the analysis: the

Community Climate System Model version 4 (CCSM4) from

the National Center for Atmospheric Research (NCAR; Gent

et al., 2011); the Hadley Centre Global Environmental Model

version 2, Carbon Cycle (HadGEM2-CC) of the Met Office

Hadley Centre, United Kingdom (Collins et al., 2011); the

Model for Interdisciplinary Research on Climate version 5

(MIROC5) of the Center for Climate System Research, Japan

(Watanabe et al., 2010); and the Meteorological Research Insti-

tute Coupled GCM version 3 (MRI-CGCM3) of the Meteoro-

logical Research Institute, Tsukuba, Japan (Yukimoto et al.,

2012). We used the Representative Concentration Pathway

scenarios (RCP; Moss et al., 2008, 2010) RCP8.5 (Thomson

et al., 2011) and RCP4.5 (Riahi et al., 2011) to represent possi-

ble higher and lower emission scenarios, respectively. By the

end of the current century (i.e., 2099), atmospheric CO2 con-

centrations have been projected to reach approximately

936 ppm CO2-equivalent under the RCP8.5 scenario and

approximately 538 ppm CO2-equivalent under the RCP4.5

scenario. Detailed descriptions and rationale for these scenar-

ios are provided by Moss et al. (2008, 2010), Riahi et al. (2011),

and Thomson et al. (2011). In total, eight climate change sce-

narios were developed for this study at each site (four

AOGCMs each and two emissions scenarios).

Daily coarse resolution maximum and minimum tempera-

ture values, precipitation amounts, and solar radiation data

from AOGCMs were statistically downscaled and ‘trained’

(i.e., by developing a relationship between observed climate

and historical model output to correct for biases in the climate

model (Hayhoe et al., 2008)) on measured long-term data from

each site using the asynchronous regional regression model

(ARRM) approach (Stoner et al., 2013). The ARRM method

builds on the statistical technique used by Dettinger et al.

(2004) by assigning quantitative relationships between daily

measured and simulated variables that have symmetric distri-

butions. ARRM makes historical measurements and simula-

tions independent of time by ranking them before matching

their quantiles using a piecewise regression approach for each

of the 12 months individually (Stoner et al., 2013). Time inde-

pendence is an important aspect of this approach as AOGCMs

have inherent variability patterns that do not correspond with

day-to-day or even year-to-year variability patterns of mea-

sured values (Stoner et al., 2013).

Results

Future climate projections

Downscaled AOGCM climate projections for the two

emission scenarios for all sites indicate that the

increases in average air temperature for the period

2070–2100 would range from 1.2 to 8.5 °C (Table 2,

Fig. S1). Note that the errors, biases and uncertainties in

downscaling methods and sets of observations used to

train the downscaling method have been evaluated in

detail by Stoner et al. (2013) and Pourmokhtarian et al.

(2016). For these analyses, mean long-term projections

(2070–2100) were compared with measured values for

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 840–856
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1970–2000 (Sleepers River temperature and precipita-

tion data are from 1991 to 2000, Cone Pond precipita-

tion data are from 1990 to 2000, and Biscuit Brook

temperature and precipitation data are from 1984 to

2000). There was a strong negative correlation (P

value < 0.05, r = �0.91) between measured mean

annual air temperature for the period of 1970–2000 and

projected percent increases in mean annual tempera-

ture for 2070–2100 across all sites and all scenarios

(Fig. S2a). Note that removing the FEF from the correla-

tion analysis still yields a negative correlation, but with

a slightly higher P value (P value < 0.1, r = �0.76).

There was a positive correlation (P value = 0.08,

r = 0.70) between measured mean annual air tempera-

ture for the period of 1970–2000 and relative standard

deviation (RSD) of projected increases in mean annual

temperature for 2070–2100 across all sites and all sce-

narios (Fig. S2b). However, this relationship is not

strong and is largely influenced by the high projected

variability for the Fernow Experimental Forest (FEF).

The greatest temperature increase was projected by

HadGEM2-CC-RCP8.5 for FEF (8.5 °C), while

MRI-CGCM3-RCP4.5 showed the smallest temperature

increase (1.2 °C) also for FEF, resulting in the greatest

variability in projected changes in temperature

(RSD = 54.6%) among the sites studied (Fig. S2b). The

variability for other sites ranged from 39.1% to 41.3%,

with the exception of the Sleepers River Watershed

(SRW; RSD = 46.9%). Across all eight climate scenarios,

MRI-CGCM3-RCP4.5 and HadGEM2-CC-RCP4.5

showed the highest (RSD = 20.5%) and the lowest

(RSD = 7.5%) variability in projected changes in tem-

perature, respectively. The low-emission scenario

(RCP4.5) showed higher variability across all sites

and AOGCM simulations (Avg. RSD = 15.6%) com-

pared to the high-emission scenario (RCP8.5; Avg.

RSD = 11.1%), with the exception of HadGEM2-CC

(RSD of RCP8.5 and RCP4.5 are 11.1% and 7.5%, respec-

tively). The average variability of projected increases in

temperature for a given climate scenario across all sites

was lower compared to average variability of all sce-

narios (four AOGCMs and two emission trajectories)

for a given site.

Precipitation projections were also highly variable for

the sites over the period 2070–2100 (Table 2). AOGCMs

projections of seasonal patterns in precipitation were

Table 2 Summary of projected change in annual air temperature and annual precipitation from statistically downscaled AOGCM

output. The value shown for each scenario is the difference between the mean of observed values for the reference period

(1970–2000) and the simulation period 2070–2100

Study

Watershed Climate Variable

1970–2000* 2070–2100

Observed

CCSM4 HadGEM2-CC MIROC5 MRI-CGCM3

RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5

Bear Brook Temperature (°C) 6.6 4.9 2.6 6.3 4.6 8.0 4.4 4.6 2.3

Annual

Precipitation (cm)

131 42.8 42.2 54.2 52.7 55.5 51.8 54.1 37.2

Sleepers River* Temperature (°C) 4.7 4.0 1.7 6.4 4.0 6.5 3.4 3.6 1.6

Annual

Precipitation (cm)

125 27.3 17.8 33.5 36.1 34.9 23.2 21.8 12.2

Huntington

Forest

Temperature (°C) 4.7 5.4 3.0 7.4 4.9 8.0 4.8 4.2 2.3

Annual

Precipitation (cm)

107 6.2 3.5 6.5 6.0 13.0 5.4 10.0 2.7

Hubbard Brook Temperature (°C) 5.7 4.8 2.5 6.6 4.4 7.2 4.1 4.1 2.0

Annual

Precipitation (cm)

144 23.6 19.1 24.6 26.5 30.2 21.3 22.3 15.8

Cone Pond* Temperature (°C) 5.7 4.8 2.5 6.6 4.4 7.3 4.1 4.2 2.1

Annual

Precipitation* (cm)

127 29.7 32.3 45.9 46.0 27.3 22.7 22.0 16.3

Biscuit Brook* Temperature (°C) 5.3 4.6 2.3 6.6 4.5 6.9 3.9 3.8 1.9

Annual

Precipitation (cm)

155 29.0 26.9 56.5 36.2 52.8 44.8 39.9 18.5

Fernow Temperature (°C) 9.4 4.9 2.5 8.5 4.0 6.5 4.0 2.7 1.2

Annual

Precipitation (cm)

147 14.0 2.5 3.3 �5.7 22.3 16.1 33.4 9.6

*Note that for sites that do not have observed values for the entire period of 1970–2000, observed data for shorter periods are used

as described in the Methods section. Sleepers River temperature and precipitation data are from 1991 to 2000; Cone Pond precipita-

tion data are from 1990 to 2000; Biscuit Brook temperature and precipitation data are from 1984 to 2000.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 840–856
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variable across all sites, but in general showed increases

over all seasons during the 21st century (Table 3). The

magnitude of increases is generally higher under the

high-emissions scenario (RCP 8.5) compared to the

low-emissions scenario (RCP 4.5). The greatest annual

precipitation increase was projected by HadGEM2-CC-

RCP8.5 (56.5 cm) for Biscuit Brook (BSB), while at the

other extreme, HadGEM2-CC-RCP4.5 showed a decline

in projected precipitation for the FEF (5.7 cm) com-

pared to long-term measurements (Table 2, Fig. S3).

Among all sites, the FEF showed the greatest variability

across different AOGCMs for projected changes in

annual precipitation (RSD = 103.6%), while the Bear

Brook Watershed in Maine (BBWM) had the lowest

variability (RSD = 14.3%). Across all eight climate sce-

narios, HadGEM2-CC-RCP4.5 and MIROC5-RCP8.5

exhibited the maximum (RSD = 74.9%) and minimum

(RSD = 46.2%) variability in projected changes in

annual precipitation, respectively. The low-emission

scenario (RCP4.5) showed higher variability across all

sites and AOGCM simulations (mean RSD = 68.5%)

compared to the high-emission scenario (RCP8.5; mean

RSD = 53%). The average variability of projected

increases in precipitation for a given climate scenario

across all study sites was higher than the average

variability of all scenarios (four AOGCMs and two

emission trajectories) for a given site.

All the sites except the FEF showed a positive signifi-

cant relationship between AOGCM projections of tem-

perature and precipitation (Fig. 2). The maximum slope

of the precipitation response to projected increases in

temperature was 6.5 cm °C�1 for BSB, while the FEF

had a negative slope (�0.45 cm °C�1). The slope of the

regression between projections of changes in tempera-

ture and precipitation was statistically significant

(P < 0.05) across all sites except for the CPW and FEF.

The overall regression line for the relationship between

projected changes in precipitation with temperature

change for all sites was statistically significant (P < 0.1)

with a slope of 2.15 cm °C�1 (r2 = 0.06). The HBEF had

the highest coefficient of determination (r2 = 0.78)

between temperature and precipitation followed by

BSB (r2 = 0.77), SRW (r2 = 0.74), BBWM (r2 = 0.6), and

HWF (r2 = 0.52). The relatively large increase in precip-

itation in response to increases in temperature for

BBWM was likely attributable to the marine influence

at this site.

Hydrology

The model simulations of evapotranspiration (ET)

showed increases across all sites, AOGCM simulations,

and scenarios, although the response was highly vari-

able across sites (Fig. S4a and b). Considering CO2

effects on vegetation decreased annual ET across all

sites, AOGCM simulations, and scenarios (Fig. S4a and

b). Among all sites, with or without CO2 effects on veg-

etation, the high-emission scenario (RCP8.5) had a

greater increase in projected mean annual ET compared

to the low-emission scenario (RCP4.5; Fig. S5). Across

all sites, a comparison of ET between high- and low-

emission scenarios based on percentage change rather

than absolute change showed a similar pattern except

for BSB, which had the highest relative change in mean

annual ET (Fig. S6). A regression analysis between pro-

jected increases in the percentage change in mean

annual ET and mean annual temperature showed a sig-

nificant (P < 0.05) positive relationship (r2 = 0.21)

across all sites (Fig. 3). Under model simulations with

CO2 effects on vegetation, the regression remained sig-

nificant (P < 0.05), with r2 increasing to 0.36. All indi-

vidual sites except the FEF (P = 0.14) and HWF

(P = 0.06) exhibited a significant positive relationship

(P < 0.05) between percentage change in mean annual

ET and mean annual change in temperature, with the

SRW having the strongest relationship (r2 = 0.9), and

BSB having the weakest significant relationship

(r2 = 0.76). Invoking CO2 effects on vegetation

increased the r2 value and decreased the P value for all

sites except CPW and SRW, making the regressions of

change in evapotranspiration against change in temper-

ature positively significant for nearly all sites. The only

exception was the FEF where the relationship was

insignificant despite an increase in the r2 value and

decrease in P value (P = 0.07; Fig. 3).

The model projections of mean annual streamflow

were highly variable, ranging from a significant

decrease at HWF and FEF to significant increases for

the remainder of the sites except for the HBEF that

shows both increases and decreases in annual stream-

flow depending on the scenario and emissions trajec-

tory (Fig. S7a and b). When CO2 effects on vegetation

were invoked, streamflow increased under all scenarios

and across all sites compared to scenarios without CO2

effects (Fig. S7a and b). A regression analysis between

projected change in mean annual simulated streamflow

and change in annual precipitation showed a signifi-

cant (P < 0.05) positive relationship (r2 = 0.48) across

all sites (Fig. 4a). Under model simulations with CO2

effects on vegetation, the regression remained signifi-

cant (P < 0.05), with r2 slightly decreasing (to 0.46).

Across all sites without CO2 effects, only BSB (r2 = 0.62)

and CPW (r2 = 0.91) exhibited a significant positive

relationship (P < 0.05) between projected change in

mean annual simulated streamflow and annual precipi-

tation. Invoking CO2 effects made the regression posi-

tively significant for BSB, CPW, FEF, and SRW

(Fig. 4b). There were no significant differences between

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 840–856
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average projected annual changes in streamflow under

high (RCP8.5)- and low (RCP4.5)-emissions scenarios

for any of the study sites with or without CO2 effects

(Fig. S8). A comparison of projected changes in mean

annual streamflow across all sites indicated that on

average the high-emission scenarios have greater vari-

ability across AOGCMs (SD = 68 & 78 mm yr�1) than

low-emission scenarios (SD = 54 & 62 mm yr�1) with

and without CO2 effects on vegetation, respectively

(Fig. S8).

Based on PnET-BGC model results, climate change

was projected to cause substantial long-term shifts in

streamflow across all sites (Tables 4 and 5). The extent

of these modeled changes depended on the AOGCM

used, emission scenario, and site characteristics includ-

ing location and vegetation. The most notable pattern

in streamflow under the two emissions scenarios across

all sites was a seasonal shift toward higher winter (Jan-

uary–March) flows (except the FEF under RCP 4.5) and

lower spring (April–June) flows. In general, the magni-

tude of increases and decreases in winter and spring

flows, respectively, were higher under the high-emis-

sions scenario (RCP 8.5) compared to the low-emissions

scenario (RCP 4.5). Summer (July–September) flows

showed a decline over the 21st century across all sites

with the exception of CPW under RCP 4.5 and BBWM

under both emissions scenarios. Across all sites, fall

(October–December) flows were projected to increase,

with the exception of HWF and BSB (under RCP 4.5)

and FEF (under both emissions scenarios).

Invoking CO2 effects on vegetation increased sea-

sonal streamflow across all sites and emissions scenar-

ios compared to the same period under simulations

without CO2 effects. Winter and spring flow patterns

remained similar to runs without considering CO2

effects on vegetation, while summer flow patterns were

variable, showing decreases, increases, or relatively no

change depending on the site and emissions scenarios.

Fall flows increased when CO2 effects were included in

simulations across all sites and scenarios with the

exception of HWF under RCP 4.5, which remained rela-

tively constant, and FEF for which fall flows decreased

under both emissions scenarios.

The model projections of water stress index (DWater)

indicated that there were significant changes in water

deficit for vegetation at all sites under all climate

change projections with the exception of the CPW

(spruce-fir site) and the FEF under the MRI-CGCM3-

RCP4.5 and MRI-CGCM3-RCP8.5 scenarios (Fig. S9a

and b). The FEF responses under both high- and

Fig. 2 Relationships between projected increases in mean annual temperature and annual precipitation from eight climate change sce-

narios at each site (four AOGCMs each and two emission scenarios) for the period of 2070–2100 compared to the reference period of

1970–2000. The black dotted line shows the overall regression line for all data.
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low-emission scenarios showed the greatest variability

in projected water stress among all study sites

(SD = 0.3) and the CPW had the smallest variability

(SD = 0.0). Invoking CO2 effects on vegetation allevi-

ated water stress on trees and decreased the drought

index under all scenarios and across all sites due to

increased WUE (Fig. S9a and b). On average, across all

sites, the high-emission scenario (RCP8.5) projected

greater water stress (Δ DWater = �0.1 and �0.4 with

and without CO2 effects, respectively) with greater

variability, due to higher temperature projections, com-

pared to the low-emissions scenario (RCP4.5; Δ
DWater = 0.0 and �0.2 with and without CO2 effects,

respectively; Fig. S10). A comparison of DWater across

all sites based on percentage change showed a similar

pattern for values expressed as absolute change (data

not shown). When CO2 effects on vegetation were not

considered, the HWF and HBEF showed a significant

negative (P < 0.05) relationship between projected per-

centage changes in mean annual DWater and mean

annual temperature, with the HWF having the stron-

gest significant relationship (r2 = 0.93) and the BSB and

SRW having the weakest significant relationship

(P < 0.1; Fig. 5a). There was no significant relationship

between percentage change in mean annual DWater

and mean annual temperature for BBWM, CPW, and

FEF. For CPW, which is dominated by spruce-fir vege-

tation, water stress did not change with increasing tem-

perature (Fig. 5a). Model simulations with CO2 effects

on vegetation considered showed a significant negative

Fig. 3 Relationships between projected increase in mean annual

simulated percentage change in evapotranspiration and change

in annual temperature from eight climate change scenarios at

each site (four AOGCMs each and two emission scenarios) for

the period of 2070–2100 compared with the reference period

(1970–2000). The black dotted line shows the overall regression

line for all data. Panel (a) shows the results without CO2 effects

on vegetation and panel (b) shows the results with CO2 effects.

Fig. 4 Relationships between projected change in mean annual

simulated streamflow and change in annual precipitation from

eight climate change scenarios at each site (four AOGCMs each

and two emission scenarios) for the period of 2070–2100 com-

pared with the reference period (1970–2000). The black dotted

line shows the overall regression line for all data. Panel (a)

shows the results without CO2 effects on vegetation and panel

(b) shows the results with CO2 effects.
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relationship (P < 0.05) for BSB (r2 = 0.95), HBEF

(r2 = 0.53), and HWF (r2 = 0.80; Fig. 5b). The overall

regression analysis between projected percentage

changes in mean annual DWater and mean annual tem-

perature showed a significant (P < 0.05) negative rela-

tionship (r2 = 0.23 and 0.21) across all sites, both with

and without CO2 effects, respectively (Fig. 5).

Discussion

Future climate projections

Projected changes in temperature and precipitation

were the main drivers of hydrological responses across

all northeastern United States forest sites and were fur-

ther influenced by vegetation type and response to

increases in atmospheric CO2 and soil characteristics

(e.g., water-holding capacity). The strong negative cor-

relation between measured mean annual air tempera-

ture for the period of 1970–2000 and projected percent

increases in mean annual temperature of 2070–2100
across all sites and all scenarios indicates that the rela-

tive change in temperature is greater at sites that expe-

rience inherently colder temperatures compared to

changes at warmer sites. Therefore, the FEF that has the

highest measured mean annual temperature (9.4 °C)
compared to other sites was projected to experience less

relative warming compared to colder sites such as the

SRW (4.7 °C) and HWF (6 °C). There was no apparent

spatial gradient in projected temperature increases with

latitude (with the exception of FEF, which is the most

southern site), although, for a given site, projected air

temperature increased with increasing global emis-

sions.

No clear spatial pattern in projected changes in pre-

cipitation was apparent under future emissions,

although FEF and HWF that are the furthest inland

compared to other sites showed the smallest projected

increases in precipitation. Projections suggest more pre-

cipitation during late fall, winter, and early spring and

lower precipitation in summer across all sites. We

expected that projected increases in precipitation would

be greatest at sites with greater ambient precipitation

compared to sites with less precipitation. Although

there was no statistically significant relationship

between measured mean annual precipitation for 1970–
2000 and projected increases in precipitation for the

period of 2070–2100, sites that currently receive greater

precipitation than the average for the study sites were

projected to receive greater than average future

increases in precipitation. The FEF was an exception to

this pattern as it experiences the second highest mean

annual precipitation of 1460 mm, after BSB (1750 mm);

however, the average projected increase in mean

annual precipitation from all climate change scenarios

for the FEF was 119 mm, which is the second lowest

projected increase among sites (after the HWF). At the

extreme, the HadGEM2-CC-RCP4.5 scenario projected

a decline in future precipitation at the FEF. On average,

the variability of projected increases in precipitation for

a given climate scenario (e.g., HadGEM2-CC-RCP4.5)

across all study sites was greater than the average vari-

ability of all eight scenarios (four AOGCMs and two

emission trajectories) for a given site. This pattern indi-

cates that downscaling an AOGCM precipitation pro-

jection for a given site using its measured observations

decreases the variability of a scenario and therefore

uncertainty in precipitation projections at the local scale

Fig. 5 Relationships between projected percentage change in

mean annual simulated water stress index (DWater) and increase

in mean annual temperature from eight climate change scenarios

at each site (four AOGCMs each and two emission scenarios) for

the period of 2070–2100 compared with the reference period

(1970–2000). The black dotted line shows the overall regression

line for all data. Panel (a) shows the results without CO2 effects

on vegetation and panel (b) shows the results with CO2 effects.
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(Pourmokhtarian et al., 2016). Although precipitation

projections are clearly important, the large interannual

variability and uncertainty associated with these projec-

tions suggest that regional temperature-driven changes

are more homogenous and might be more effectively

used as metrics for climate change impact assessments.

Hydrology

Changes in climate could significantly impact forest

growth and productivity, which in turn would alter the

magnitude and timing of hydrological cycles (Campbell

et al., 2009). Our previous study for the HBEF showed

that changes in temperature and precipitation control

the response of the forest ecosystem water cycle to

changing climate (Pourmokhtarian et al., 2012). There-

fore, we anticipated that these drivers would be domi-

nant at other regional sites. While some northeastern

United States sites did exhibit this response, projections

for FEF, HWF, and CPW showed varied hydrological

responses of seasonal and annual streamflow, ET, and

soil moisture.

The FEF experiences higher annual average air tem-

peratures than other sites and these relatively elevated

temperatures are anticipated to increase under future

projections. The FEF also shows the greatest variability

in projected temperature and precipitation increases

across AOGCMs considered, with both increases and

decreases in precipitation depending on the climate

scenario. Greater variability in projections of tempera-

ture and precipitation at the FEF resulted in more vari-

able projected increases in annual ET compared to

other sites (no statistically significant relationship

between projected changes in ET and air temperature).

The FEF is the only study site with central hardwood

forest cover. Since this site was not glaciated during the

Pleistocene, soils are much older and highly weathered

and therefore contain more clay and the highest water-

holding capacity (WHC; 30 cm) among study sites

(12 cm for other sites). In the PnET-BGC model, WHC

is defined as available water for plants and depends on

soil texture and rooting depth. The higher WHC at the

FEF mitigates the effects of higher temperatures to

some extent by allowing for greater water storage to

supply plant transpiration demand during the

extended growing season.

Similar to what was observed at the FEF, the limited

response of ET at the HWF to increases in air tempera-

ture was due to a lack of available water for transpira-

tion during the growing season because of minimal

projected precipitation increases. HWF has the lowest

projected increase in precipitation of any of the study

sites despite the similarity among temperature projec-

tions. Diminished precipitation during the extended

growing season increases water stress on trees and

decreases the photosynthetic rate, which causes a

decrease in ET. Invoking CO2 effects on vegetation

decreases projected increases in ET due to increased

WUE, resulting in the greatest benefit to sites, like HWF

and FEF, which are anticipated to experience the most

severe water stress under future climate conditions.

FEF and HWF are the most inland sites investigated

and showed the lowest projected increase in precipita-

tion. Furthermore, they have different climatic condi-

tions, vegetation (central hardwoods and northern

hardwoods, respectively), and WHC (30 and 12 cm,

respectively). These differences in site characteristics

are largely responsible for the varied hydrological

responses at these sites compared with the other study

sites.

The weak response of ET to future increases in tem-

perature at the CPW is likely due to the different forest

cover type (spruce-fir). The spruce-fir forest has a lower

optimum temperature (20 °C) for photosynthesis than

northern hardwoods (24 °C; Aber & Federer, 1992), and

increases in temperature above the optimum tempera-

ture that are projected for the CPW may cause tempera-

ture stress on vegetation and a decline in

photosynthesis and forest productivity, which leads to

lower ET. Climate projections for the CPW do not pre-

dict water stress. Therefore, spruce-fir watersheds will

likely experience temperature stress before water stress

occurs under future climate conditions. It has been

shown that even in the absence of water stress, spruce

stands respond to increased vapor pressure deficit (VPD)

by partial stomatal closure (Running & Coughlan, 1988),

therefore lowering ET losses (Aber & Federer, 1992).

Lastly, the spruce-fir forest at the CPW has a lower

photosynthetic capacity due to lower foliar N and

therefore lower transpiration demand that can elimi-

nate water stress compared to northern hardwoods

(Aber & Federer, 1992). Therefore, projected increase in

ET for the coniferous forest of the CPW is largely dri-

ven by temperature and a lengthening of the growing

season rather than by changes in precipitation since

trees do not show evidence of water stress under future

climate projections. These results are consistent with

previous model runs by Ollinger et al. (2009) for

another conifer site at the Howland Forest in Maine.

Invoking CO2 effects on vegetation during the growing

season lowered ET at CPW due to increased WUE, sim-

ilar to the response at other sites.

PnET-BGC calculates ET and water stress for each

month as a function of available soil water and plant

water demand. Aber & Federer (1992) derived a rela-

tionship for the response of tree photosynthesis to

changes in temperature, providing parameter values

for different forest cover types ranging from temperate
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to boreal based on the literature. They defined a

multiplier (coefficient) between 0 and 1 to depict the

effect of temperature on gross photosynthesis, which is

a parabolic function that varies with forest cover type.

They determined that the optimum temperature for

gross photosynthesis is 24 °C and 20 °C for northern

hardwood trees and spruce-fir, respectively (Aber &

Federer, 1992; Aber et al., 1995; Ollinger et al., 2009).

They also characterized foliar respiration as a function

of gross photosynthesis, which increases with tempera-

ture as a Q10 factor of 2 (Aber & Federer, 1992; Ollinger

et al., 2009). The Q10 is a measure of the temperature

dependency of a rate process (e.g., change in foliar res-

piration if temperature increases by 10 °C). A projected

lengthening of the growing season and associated

increases in ET due to higher temperatures could limit

available soil water and ultimately lead to water stress

to plants, despite projected increases in precipitation.

Model simulations under lower emissions scenarios for

the northeastern United States where hydrology is

strongly influenced by snow melt (except the more

southerly FEF) indicate that projected increases in

annual ET largely occur during the late spring, sum-

mer, and early fall due to the extended growing season.

Under the higher emissions scenarios, the increases in

ET extend into the shoulder seasons causing a greater

increase in annual ET. Across all sites except the FEF,

projected increases in ET during the shoulder seasons

are due to a decline in snow pack associated with

higher temperature and increases in the fraction of pre-

cipitation occurring as rain vs. snow. Increases in ET

increase water stress on plants and decrease streamflow

during summer. Model simulations that included CO2

effects on vegetation showed lower rates of ET due to

decreases in stomatal conductance and increased WUE,

which is inversely correlated with VPD (Ollinger et al.,

2002, 2009). Therefore, if northern hardwood forests

respond to increasing atmospheric CO2 similarly to the

response of vegetation in the free-air CO2 enrichment

(FACE) experiments from which these relationships

were based (Curtis et al., 1995; Ellsworth et al., 1995;

Lewis et al., 1996; Curtis & Wang, 1998; Saxe et al.,

1998; Ellsworth, 1999; Ainsworth & Long, 2005), they

will be able to mitigate the effects of increases in tem-

perature to some extent.

The projections of water stress across all sites and

under all climate change scenarios, although highly

variable, suggest a general trend of drier conditions

during the growing season in the future, despite pro-

jected increases in precipitation. This trend is driven by

decreases in mean monthly soil moisture during sum-

mer and early fall as a result of increased ET and is

reflected in lower summer discharge from these water-

sheds. The high variability in water stress projections is

consistent with high variability in increased precipita-

tion projections across sites, AOGCM projections and

scenarios. Summer drought is largely driven by deple-

tion of soil water by ET, exhausting the short-term

water supply. As the soil water-deficit increases, tree

productivity declines, which in turn decouples soil–
vegetation processes and decreases nutrient retention.

Even short-term water stress on plants during the

growing season can hamper productivity and carbon

and nitrogen sequestration and disrupt element

cycling.

Model projections of future climate scenarios suggest

a seasonal shift in streamflow toward greater discharge

during fall and winter and lower spring and summer

flows across all sites. Projections also show that spring

high flows will occur earlier in the year. At sites with

colder climates (e.g., HWF, SRW, HBEF, CPW, BSB,

and BBWM), the snow pack will develop later in the

season and melt earlier in the spring. These changes in

seasonal discharge are due to the diminished role of

snow pack and the extended growing season, coupled

with the projected increases in precipitation during

winter and decreases in summer.

These projected changes in hydrology have impor-

tant implications for future water management in the

northeastern United States and could impact local

economies and businesses that depend on recreational

activities that are reliant on snow and streamflow. Also,

the prospect of warmer summers poses a significant

risk to forest productivity and the services provided by

these ecosystems. Four of the seven study sites (BBWM,

SRW, CPW, and BSB) showed significant increases in

projected mean annual streamflow, which was further

enhanced when CO2 effects on vegetation were

included in simulations, causing decreased ET. In con-

trast, at the HWF and FEF, projections of mean annual

streamflow showed significant declines due to smaller

projected increases in precipitation which could cause

summer drought and put pressure on water supplies

and resources. Finally, at the HBEF, the projected

response is highly variable, including increases and

decreases in mean annual streamflow depending on the

climate change scenario. This level of complexity in the

hydrological response of watersheds to changing cli-

mate will challenge our ability to respond and adapt to

this critical dimension of global change.

Through this study, new insights are provided into

how climate change is manifested differently across an

array of forested ecosystems with a range of biophysi-

cal characteristics. We compared and contrasted the

effects of climate change on hydrological responses at

seven forested watersheds in the northeastern United

States, using a suite of climate projections. Projections

indicate that all watersheds will experience significant
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increases in ET under future climate change due to war-

mer temperatures and an extended growing season.

Model projections for sites where snow is currently

prevalent indicated that the extent of snow pack accu-

mulation will diminish substantially or disappear by

the end of the 21st century. Model simulations also sug-

gest that under climate change, northern hardwood for-

ests will experience more frequent and higher intensity

drought and water stress during the longer growing

season. In contrast, watersheds dominated by spruce-fir

(CPW) may show greater susceptibility to temperature

stress due to the lower optimum temperature for photo-

synthesis of conifers compared to hardwoods. The

streamflow projections are highly variable across sites

with some showing significant increases in annual

water yield, while water yield decreases at others.

Major factors causing the varied hydrological responses

across the study region are variability in projected

increases in precipitation, coupled with differences in

forest cover and site characteristics (location, soil water-

holding capacity). The varied streamflow responses

pose a challenge to policymakers and water resource

and forest managers. The complexities of the stream-

flow response to future climate scenarios are particu-

larly important for developing adaptation strategies for

flood mitigation in the region for the decades ahead.

Considering the dynamic nature of climate change

over both time and space, it is challenging to generalize

the long-term climatic shifts across forest watersheds in

the northeastern United States. Nevertheless, compar-

ing and contrasting an array of watersheds with a wide

range of characteristics provides important insights on

the potential range of responses of these diverse ecosys-

tems. Vegetation, soil water-holding capacity, and loca-

tion are important factors that influence hydrological

responses to a changing climate, some of which lend

themselves to human intervention as we improve the

understanding of these relationships. The close linkages

between climate change and vegetation are expected to

result in complex patterns across these sites, which

could ultimately alter the structure and function of

these forests and the services they provide.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Appendix S1. Site descriptions.
Figure S1. Projected changes in mean annual air temperature from statistically downscaled AOGCM output for study watersheds
for individual AOGCM simulations under different emission scenarios.
Figure S2. (a) Relationship between projected percentage increases in mean annual temperature from eight climate change scenar-
ios at each site (four AOGCMs each and two emissions scenarios) for the period of 2070–2100 (Fig. S1) compared to measured mean
annual temperature for the reference period of 1970–2000. (b) Relationship between relative standard deviation of projected
increases in mean annual temperature from eight climate change scenarios at each site (four AOGCMs each and two emissions sce-
narios) for the period of 2070–2100 (Fig. S1) compared to measured mean annual temperature for the reference period of 1970–2000.
The black dotted line shows the overall regression line for all sites.
Figure S3. Projected changes in mean annual precipitation from statistically downscaled AOGCM output for study watersheds for
individual AOGCM simulations under different emission scenarios.
Figure S4. Projected changes in mean annual evapotranspiration from PnET-BGC output for study watersheds for individual
AOGCM simulations under different emission scenarios.
Figure S5. Projected changes in mean annual evapotranspiration under high (RCP8.5) and low (RCP4.5) emissions scenarios with
and without CO2 effects on vegetation for study watersheds.
Figure S6. Projected percentage changes in mean annual evapotranspiration under high (RCP8.5) and low (RCP4.5) emissions sce-
narios with and without CO2 effects on vegetation for study watersheds.
Figure S7. Projected changes in mean annual streamflow from PnET-BGC output under high (RCP8.5) and low (RCP4.5) emissions
scenarios with and without CO2 effects on vegetation for study watersheds.
Figure S8. Average projected changes in mean annual streamflow under high (RCP8.5) and low (RCP4.5) emissions scenarios with
and without CO2 effects on vegetation for study watersheds.
Figure S9. Projected changes in mean annual water stress index (DWater) from PnET-BGC output for study watersheds for individ-
ual AOGCM simulations under different emission scenarios.
Figure S10. Projected changes in mean annual water stress index (DWater) under high (RCP8.5) and low (RCP4.5) emissions scenar-
ios with and without CO2 effects on vegetation for the study watersheds.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 840–856

856 A. POURMOKHTARIAN et al.


