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Abstract
Climate change and forest disturbances are threatening the ability of forested mountain watersheds to provide the
clean, reliable, and abundant fresh water necessary to support aquatic ecosystems and a growing human population.
Here, we used 76 years of water yield, climate, and field plot vegetation measurements in six unmanaged, reference
watersheds in the southern Appalachian Mountains of North Carolina, USA to determine whether water yield has
changed over time, and to examine and attribute the causal mechanisms of change. We found that annual water yield
increased in some watersheds from 1938 to the mid-1970s by as much as 55%, but this was followed by decreases up
to 22% by 2013. Changes in forest evapotranspiration were consistent with, but opposite in direction to the changes in
water yield, with decreases in evapotranspiration up to 31% by the mid-1970s followed by increases up to 29% until
2013. Vegetation survey data showed commensurate reductions in forest basal area until the mid-1970s and increases
since that time accompanied by a shift in dominance from xerophytic oak and hickory species to several mesophytic
species (i.e., mesophication) that use relatively more water. These changes in forest structure and species composition
may have decreased water yield by as much as 18% in a given year since the mid-1970s after accounting for climate.
Our results suggest that changes in climate and forest structure and species composition in unmanaged forests
brought about by disturbance and natural community dynamics over time can result in large changes in water
supply.
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Introduction
Climate change (Melillo et al., 2014) and forest disturbances (Ice et al., 2004; Adams, 2013; Brantley et al.,
2013, 2014; Bearup et al., 2014) are threatening the ability of forested mountain watersheds to provide the
clean, reliable, and abundant fresh water necessary to
support aquatic ecosystems and a growing human population (Postel & Richter, 2003; Viviroli et al., 2007). Forests in the densely populated eastern USA are
especially important for provisioning human water
supply. Recent estimates suggest that southeastern forests deliver surface drinking water to an estimated 2130
communities serving 48.7 million people (Caldwell
et al., 2014). In particular, reanalysis of the data in Caldwell et al. (2014) shows that streamflow originating
from the forest-dominated Southern Appalachian
region supplies a large proportion of water to several
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major cities in the south (Table 1), and in total, the
region provides drinking water to more than ten million people. The recent drought of 2007–2008 highlighted the vulnerability of these major population
centers to changes in streamflow originating in the
southern Appalachians, magnifying decades-long tensions among the states of Georgia, Alabama, and Florida for water releases from Lake Lanier (a reservoir on
the Chattahoochee River originating in the southern
Appalachians supplying water to Atlanta, Georgia).
The drought cost the region an estimated $88 million
and more than 1200 jobs due to reduced commercial
activity (Bleakly Advisory Group Inc. et al., 2010).
Despite the threats to water supply from forested
mountain watersheds, we know little about the extent
to which climate, forest structure, and forest species
composition interact over many decades to affect
streamflow. This knowledge-gap is due in-part to a
paucity of long-term climate, streamflow, and vegetation datasets in unmanaged forest environments (Vose
et al., 2011).
Water yield (Q) from a watershed is the basis of
river flows, and over long time-scales is the balance
of precipitation (P) inputs less evapotranspiration
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Table 1 Human population served and proportion of municipal surface water supply originating in the southern Appalachian mountain region for several examples of major
population centers in the southern USA. Where the proportion
of water supply for a city is shown as a range, there is more
than one surface water intake serving that city and the values
shown reflect the range across all intakes

City, State
Greater Atlanta,
Georgia area*
Charlotte, North Carolina
Greenville, South Carolina
Knoxville, Tennessee

Human
population
served
2 100 000
788 000
350 000
236 000

Percentage of
water supply
originating in
the southern
Appalachian
mountain
region (%)
8–13
40
57–100
57

*Dekalb and Gwinnett counties and the city of Atlanta.

(ET) in watersheds with negligible groundwater
losses. Thus, changes in either P or ET will affect Q.
Like Q, ET is regulated by water inputs (i.e., P) as
well as atmospheric conditions affecting evaporation
and plant water use including air temperature (T),
vapor pressure deficit, wind speed, and net solar
radiation (Monteith, 1965); thus increases in T could
increase ET and reduce Q. Potential evapotranspiration (PET) represents the net effect of all of the atmospheric conditions that influence ET and Q, as it is
the amount of water evaporated from a wet surface
with no resistance (Jensen et al., 1990). ET in a
forested watershed is the sum of transpiration (water
removed from the soil and used by plants during
photosynthesis) and evaporation of precipitation
intercepted by the forest canopy, stems, and soil litter
layer. Forest structure (e.g., leaf area, stem density,
basal area) influences both canopy interception of
precipitation and tree water use. In addition, tree
water use differs widely among species due to several tree architectural and physiological characteristics. Among these, xylem anatomy and sapwood area
are two of the strongest predictors of stand water
use (Wullschleger et al., 2001). Species with a ringporous xylem anatomy have less functional sapwood
area and thus transpire less water for a given stem
diameter than species with a diffuse-porous xylem,
semi-ring porous xylem, and tracheid xylem anatomies (Ford et al., 2011a,b) (Fig. S3). As a result,
changes in climate, forest structure, and species composition could impact ET and Q from forested mountain watersheds.

Here, we quantified changes in Q, and examined the
relative contributions of changes in climate, forest
structure, and forest species composition to the changes
in Q in six unmanaged, reference watersheds at the
USDA Forest Service Coweeta Hydrologic Laboratory
in western North Carolina, USA (Table 2; Fig. 1). Established in 1934, Coweeta is uniquely positioned to evaluate the effects of climate and forest changes on Q in the
region, having maintained climatic, streamflow, and
vegetation records in several small, unmanaged watersheds for more than 75 years. Previous studies at Coweeta have shown that T has been increasing at a rate of
0.5 °C per decade since the 1980s; and while the mean
annual P has not changed, P in extremely wet (e.g.,
90th percentile) and extremely dry (e.g., 25th percentile)
years has increased and decreased over time, respectively (Ford et al., 2011b; Laseter et al., 2012) (Fig. S1). In
addition to changes in climate, several forest disturbances ubiquitous across the southern Appalachian
region have altered forest structure and species composition and have potentially affected Q. These include
logging in the early 20th century, drought, hurricanes,
and insect and disease outbreaks. Most notable among
these was the introduction of the Chestnut Blight fungus [Endothia parasitica (Murr.) P.J. And. & H.W.] in the
1920s–1930s that led to widespread mortality of Castanea dentata (Marsh.) Borkh. in eastern North American
forests. In a process known as mesophication, disturbances and climate change over the 20th century have
changed forest species composition from dominance by
drought- and fire-tolerant xerophytic species to
drought-and fire-intolerant mesophytic species across
the eastern USA (Nowacki & Abrams, 2008, 2015; Pederson et al., 2015). In the southern Appalachians, species composition changed from dominance by
C. dentata with ring-porous xylem in the 1930s, to
drought-tolerant, xerophytic Quercus spp. with ringporous xylem in the mid-century, and finally to dominance by drought-intolerant, mesophytic species (e.g.,
Acer rubrum L., Liriodendron tulipifera L.) with diffuseporous xylem by the end of the century (Nelson, 1955;
Elliott & Swank, 2008; Elliott & Vose, 2011; Ford et al.,
2012) (Fig. S2). Based on their xylem anatomy and
water use (Meyer, 1927; Day & Monk, 1974; Bauerle
et al., 2006; Ford et al., 2011a,b; Brantley et al., 2013),
these changes in species composition could have
induced long-term changes in ET and Q. We used statistical time-series models to determine whether Q and
ET in high- and low-elevation replicate headwater
watersheds in the Coweeta Basin are changing over
time. We then examined the relative influences of
changes in P, PET, and forest structure and species
composition on the observed changes in Q and ET. We
hypothesize that Q has decreased due to climate change
© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012
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driven increases in PET and increases in basal area as
the forest has aged, but also that Q has decreased proportionally more than expected given the change in
basal area due to the shift in species from xerophytic
species with ring-porous xylem to mesophytic species
with diffuse-porous xylem.

Materials and methods

Study area
The east-facing 1626 ha Coweeta Basin is located in western
North Carolina, USA (Fig. 1) in the Appalachian Highlands
Region, Blue Ridge Province (Fenneman, 1917). Elevation in
the basin ranges from 626 m above mean sea level at the valley bottom to 1592 m on the western boundary. Climate is
classified as marine, humid temperate (Peel et al., 2007). Mean
T and annual P at the valley bottom at CS01 are 12.6 °C and
1794 mm yr1 (Ford et al., 2011b). Most P occurs as rain in frequent, small, low intensity storms in all seasons (Swift et al.,
1988). Air temperature and P are highly influenced by elevation with T decreasing approximately 5 °C per 1000 m elevation gain (Bolstad et al., 1998) and P increasing approximately
5% per 100 m (Swift et al., 1988). Water yield is typically highest in March–April and lowest in September–October, and is
perennial even during extreme drought due to relatively high
P and the large storage capacity of deep soils (Thomas, 1996).
Nested within the Coweeta Basin are several smaller watersheds, 16 of which are currently instrumented to measure
water yield. Most of these gaged watersheds lie on the north
(south-facing) and south (north-facing) sides of the basin.
While many of the gaged watersheds have served as treatment
watersheds to demonstrate the impact of forest management
practices on water quantity and quality, six have been left
unmanaged since the 1920s to serve as control (i.e., reference)
watersheds in paired watershed experiments (Wilm, 1944)
and were the focus of this study (Fig. 1; Table 2).

Vegetation and disturbance history
Species composition in the ca. 85 year old forest of the Coweeta Basin reflects the disturbance history of the basin and the
region (Fig. S2). Like much of the southern Appalachian
region, forest products were extracted from the Coweeta Basin
in the early 20th century. The entire basin was selectively harvested between 1909 and 1923; all trees greater than 15 inches
(38 cm) at the stump were removed (Douglass & Hoover,
1988). The chestnut blight fungus was first observed at Coweeta in the early 1920s. By 1930, most of the previously
unlogged C. dentata trees (comprising 36% of the total basal
area) were infected (Woods & Shanks, 1959; Elliott & Swank,
2008). Chestnut blight functionally eliminated C. dentata from
over 3.5 million ha of upland forests in eastern North America
since the early 20th century (Anagnostakis, 1987). By 1942, the
forest once dominated by C. dentata ‘consisted mostly of an
oak-hickory stand of low quality with scattered openings
occupied by mountain-laurel (Kalmia latifolia L.), rhododendron (Rhododendron maximum L.), and other low, shrubby species’ (Hibbert, 1969). Today C. dentata only occurs as a minor
understory species (Elliott & Swank, 2008). Fall cankerworm
(Alsophila pomelaria Harris), a spring defoliator, consumed
about 33% of the total leaf mass of Quercus species between
1976 and 1978 (Swank et al., 1981) at higher elevations with a
measurable growth reduction during those years (Elliott et al.,
2015). Drought in the 1980s resulted in the creation of small
canopy gaps (mean 172 m2) due to single-tree snags of mostly
larger, older oaks on drier slopes and ridges (Clinton et al.,
1993) at lower elevations. Little to no tree damage and canopy
gap creation from hurricane Opal in 1996 was observed in any
of the reference watersheds in the Coweeta Basin based on
aerial photographs (W. Swank, unpublished data), although
large-scale tree damage across the region was documented
(Greenberg & Mcnab, 1998). The arrival of the hemlock woolly
adelgid (HWA, Adelges tsugae Annand) to the region and first
observed at Coweeta in 2003 has resulted in an almost complete loss of this riparian species once found in abundance at

Table 2 General characteristics of reference watersheds at the Coweeta Hydrologic Laboratory in Otto, NC, USA. Mean annual
precipitation (P) and water yield (Q) based on data collected over water years (WY, May–April) during the common period of
record (1956–2013) across all watersheds. Watersheds and rain gage locations are show in Fig. 1
Watershed
Characteristic

Units

02

14

18

27

34

36

Area
Mean elevation
Mean basin slope
Aspect
Year of first complete flow record
Nearest rain gage
Mean precipitation (P)
Mean water yield (Q)
Mean evapotranspiration (ET = P  Q)
Q/P

ha
m
%

12.26
849
53
SSE
1937
SRG20
1849
819
1030
0.44

61.03
878
50
NW
1938
SRG41
1842
997
845
0.54

12.46
823
55
NW
1938
SRG96
2028
1019
1009
0.50

39.05
1254
57
NE
1948
SRG31/SRG55*
2316
1694
622
0.73

32.70
1020
54
SE
1956
SRG40
1971
1122
849
0.57

48.60
1288
62
ESE
1944
SRG02
2036
1683
352
0.83

WY
mm yr1
mm yr1
mm yr1

*Precipitation averaged across standard rain gages (SRG) shown.
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Fig. 1 Site map of Coweeta Hydrologic Laboratory in Otto, NC showing reference watershed boundaries, vegetation survey plots,
weirs, standard rain gages (SRG), and long-term climate station (CS). Vegetation survey plots shown are only those in the reference
watersheds that were sampled in 1934, 1970, 1990, and 2010.

high elevation and/or north-facing riparian and cove areas
(Ford et al., 2012). The contemporary species composition
(Fig. S2) consists of oak-hickory forests at lower elevations
and northern hardwoods at higher elevations, both with
increasing dominance of mesophytic species (e.g., A. rubrum,
L. tulipifera) in the overstory and Rhododendron in the understory (Elliott & Swank, 2008; Elliott & Vose, 2011).

Field measurements
Low-elevation watersheds (<1000 m elevation) were instrumented with permanent weir structures in the mid-1930s, and
high-elevation watersheds (>1000 m elevation) somewhat
later (1944–1956, Table 2), to measure stage above the weir
notch on 5-min intervals over the period of record (Fig. 1).
The measured stage was used to calculate streamflow using
rating equations dependent on the geometry of each weir
(Reinhart & Pierce, 1964). Q was calculated on a unit-area
basis by dividing streamflow volume by the upstream drainage area measured by field survey (Table 2). Watershed P
was estimated by pairing each watershed with the nearest
eight inch (20.3 cm) National Weather Service standard rain
gage among those distributed across the Coweeta Basin
(Table 2; Fig. 1). PET was estimated using a 36 inch (91.4 cm)
diameter 18 inch (45.7 cm) deep buried evaporation pan
located in the valley bottom at climate station CS01 (Fig. 1).
Annual ET was computed using the water balance method by
taking the difference between annual P and annual Q, assuming the largely impermeable bedrock underlying the basin
results in negligible deep groundwater losses (Douglass &
Swank, 1972). ET calculated in this manner on an annual timestep may have errors in some years due to year-to-year

changes in storage (e.g., before and after drought periods),
however we expect that these effects will only increase the
short-term variability (i.e., scatter or noise) in the ET estimates
and not affect estimates of changes in ET over long periods of
time. Soils are consistently wet in May, thus all annual Q, P,
PET, and ET values were calculated on a May to April water
year to minimize the effects of interannual changes in soil
water storage on ET estimation by the water balance method
(Swift et al., 1975).
Field vegetation survey plots of 20 9 40 m were established and measured in 1934 on approximately N-S transects
at 200 m intervals. The plots were remeasured in the 1970s
(1969–1973), 1990s (1988–1993), and 2010s (2009–2013) (Elliott
& Swank, 2008; Elliott & Vose, 2011) resulting in four survey
periods at approximately 20–35 year intervals. The vegetation
survey plots were originally established to capture broad spatial patterns in vegetation across the entire Coweeta Basin,
but not necessarily for individual watersheds within the
basin. However, forest community type in the southern
Appalachian mountains varies according to topographic position such as high ridge, mid-slope, cove, and riparian areas
(Day & Monk, 1974). Plot locations were overlain with watershed boundaries in a Geographic Information System to identify plot and watershed associations. The relationship
between topographic position and forest community type
permitted an assessment of whether plots located in a given
watershed were sufficient in number and sufficiently distributed across topographic positions to characterize the vegetation in the watershed.
We examined the spatial distribution of plots in each watershed with respect to topographic position to determine
whether the vegetation plots in each watershed provided a

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012
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reasonable representation of the range of forest types that
could be expected in each watershed. Across the six reference
watersheds, vegetation survey data from the 30 plots located
in WS14 were considered to be reasonably representative of
the topographic gradient from ridges, mid-slopes, to riparian
areas in multiple locations in the watershed and could be used
to relate changes in forest structure and species composition
to Q. Vegetation survey data from all other watersheds could
not be evaluated in this study because there were either too
few plots within the watershed and/or the plots are not
located such that they represented the topographic gradient of
the watershed. For example, there were only two vegetation
survey plots in WS36. WS02, WS18, and WS34 had seven to
eight plots, but in all three watersheds the plots were located
near the ridge and high slope positions and did not include
mid-slope and riparian areas. WS27 had 16 plots arranged in
two transects, one in steep, rocky terrain near the ridge at the
highest elevation and one near the watershed outlet at lower
elevation; these transects were positioned parallel to the slope
and thus did not provide representation of the mid-slope
topographic position. Although the plots in WS18 were not
considered to be representative of the watershed, vegetation
survey data from these plots matched the pattern of vegetation across the Coweeta Basin as a whole (Fig. S2) and were
included to supplement the vegetation data in adjacent WS14
because they were also surveyed in 1941 and 1953 (total of six
survey periods) providing additional temporal resolution during the decline of C. dentata.

Modeling approach
We developed statistical models to examine long-term
changes in annual Q from the six small, unmanaged
forested mountain watersheds at Coweeta representing a
range of topographic settings and climate regimes (Table 2;
Fig. 1). Autoregressive-Integrated-moving average (ARIMA)
time-series models (Ford et al., 2005, 2011b; Laseter et al.,
2012) were fitted using the PROC ARIMA procedure in SAS
version 9.4 (SAS, 2013) to (i) determine the magnitude and
timing of changes in Q, P, PET, and ET for each watershed,
and (ii) separate climate from forest impacts on Q. ARIMA
time-series models are a type of regression model that can
account for serial correlation in the data and can use other
independent variables to describe the effect of these factors
(e.g., climate and/or vegetation changes) on the dependent
variable (e.g., Q) using transfer functions. When the residuals of the predicted dependent time series are not randomly
distributed over time, there are external perturbations affecting the dependent time series that are not included in the
model. ‘Interventions’ can be constructed to account for
these external perturbations (Box & Tiao, 1975). For example, if a forested watershed was completely harvested and
permanently converted to grass pasture, one could expect a
sustained step increase in Q from that watershed assuming
a constant climate. In that case, an intervention representing
the conversion from forest to pasture could be included in
the model using an indicator variable with a coefficient. The
indicator was zero for years prior to the harvest and one for
© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012

years after the harvest, and the estimated regression coefficient for the intervention represents the magnitude of the
step change in Q. The year in which the watershed was converted from forest to pasture is the ‘breakpoint’ in the time
series, or the time in which the external perturbation represented by the intervention begins to affect the dependent
variable Q. Other types of interventions that affect Q could
include a pulse (e.g., temporary storm damage to vegetation) or a ramp representing a gradual change over time
(e.g., the aging of a forest stand and associated species
changes). For this study, we used ramp interventions
because we were interested in examining effects of gradual
changes in forest structure and species composition on Q
over the long term. This type of intervention was appropriate because (i) visual inspection of the time series suggested
gradual changes in Q, P, and PET over the period of record
and (ii) previous studies of the vegetation survey plots in
the basin suggested gradual changes in forest structure and
species composition since 1934 (Elliott & Swank, 2008; Elliott
& Vose, 2011) (Fig. S2).
The Akaike’s Information Criterion (AIC) was used to evaluate the parsimony and goodness-of-fit among models of a
given dependent variable. The model having the lowest AIC
for that variable is the best fitting and most parsimonious
model (Johnson & Omland, 2004). Differences in the AIC values among candidate models (Δi = AICi  AICmin) were used
to compute a relative weight (wi) of each model relative to the
fit of all models:
e0:5Di
wi ¼ PR
;
0:5Dr
r¼1 e
with the sum of all wi equal to one. The final model selected
was the model with the highest wi (Burnham & Anderson,
2002; Johnson & Omland, 2004).
We considered four candidate models for each dependent
variable, each model making different assumptions regarding the timing and direction of change in the variable over
time. The four models included (i) no change in the variable, (ii) gradual change at the beginning of the time series
ending in a given year between 1950 and 2000 with no
change after that year, (iii) gradual change at the end of the
time series beginning in a given year between 1950 and
2000 with no change before that year, and (iv) gradual
change both at the beginning and end of the time series,
each with potentially different end and start years, respectively. The models that assumed no change in the variable
(#1 above) did not include interventions. The models that
assumed change in the variable at the beginning, end, or
both beginning and end of the time series (#2–4 above)
included interventions. For these models, each year between
1950 and 2000 was evaluated as a potential breakpoint year
for the beginning or end of change in that variable by testing a model that included an intervention that started or
ended in that year. The model among these with the highest wi of all of the models of different breakpoint years was
selected as the best fitting, most parsimonious model of that
candidate model. Lastly, the best fitting models of each of
the four candidate models were compared, and the model
among these with the highest wi was selected as the best
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Table 3 Models considered for quantifying the magnitude and timing of changes in annual water yield (Q), precipitation (P),
potential evapotranspiration (PET), and evapotranspiration (P  Q) (a), and separating the impacts of climate and forest structure
and species composition on Q (b). Models in (a) are shown using calculations for Q as an example, model form is the same for P,
PET, and P  Q. Climate variables considered in (b) included annual P and annual PET
Model ID

Model form

(a) Quantifying the magnitude and timing of changes in Q, P, PET, and ET
1
Mean
Qt = l + at
2
Mean with ramp intervention Xt at beginning of time series ending at Tint1
Qt = l + x0 9 Xt + at
3
Mean with ramp intervention Yt at end of time series beginning at Tint2
Qt = l + x1 9 Yt + at
4
Mean with two ramp interventions Xt and Yt; ending at Tint1 and starting at Tint2
Qt = l + x0 9 Xt + x1 9 Yt + at
(b) Separating the impacts of climate and forest structure and species composition on Q
5
Precipitation (P) only
Qt = x2 9 Pt + at
6
P with ramp intervention Xt at beginning of time series ending at Tint1
Qt = x2 9 Pt + x4 9 Xt + at
7
P with ramp intervention Yt at end of time series beginning at Tint2
Qt = x2 9 Pt + x5 9 Yt + at
8
P with two ramp interventions Xt and Yt; ending at Tint1 and starting at Tint2
Qt = x2 9 Pt + x4 9 Xt + x5 9 Yt + at
9
P and Potential evapotranspiration (PET) only
Qt = x2 9 Pt + x3 9 PETt + at
10
P and PET with ramp intervention Xt at beginning of time series ending at Tint1
Qt = x2 9 Pt + x3 9 PETt + x4 9 Xt + at
11
P and PET with ramp intervention Yt at end of time series beginning at Tint2
Qt = x2 9 Pt + x3 9 PETt + x5 9 Yt + at
12
P and PET with two ramp interventions Xt and Yt; ending at Tint1 and starting at Tint2
Qt = x2 9 Pt + x3 9 PETt + x4 9 Xt + x5 9 Yt + at

fitting model and therefore best represented the change in
that variable over time.

Detecting the magnitude and timing of changes in Q, P,
PET, and ET
Models considered when detecting and quantifying changes
in Q, P, PET, and ET (Table 3a) included the mean value
(model 1), the mean value plus a ramp intervention at the
beginning of the time series ending at year Tint1 (model 2),
the mean value plus a ramp intervention at the end of the
time series beginning at year Tint2 (model 3), and the mean
value with both a ramp intervention ending at year Tint1 and
beginning at year Tint2 (model 4), where: t = time (water
year), l = the estimated mean value of Q, P, PET, or ET over
the period estimation, Xt = ramp intervention from start of
time series to Tint1,

t  Tint1 ; t  Tint1
;
Xt ¼
0;
t [ Tint1
where Tint1 = breakpoint year for Xt, x0 = coefficient on ramp
intervention Xt, representing the slope or rate of change in Q,

P, PET, or ET from start of time series to year Tint1, Yt = ramp
intervention from Tint2 to end of time series,

0;
t\Tint2
Yt ¼
;
t  Tint2 ; t  Tint2
where Tint2 = breakpoint year for Yt, x1 = coefficient on ramp
intervention Yt, representing the slope or rate of change in Q,
P, PET, or ET from year Tint2 to end of time series, at = random
error.

Separating the influences of climate and forest structure
and species composition on Q
Autoregressive-integrated-moving average models were fitted
to separate the influences of climate and forest structure and
species composition on Q. Climate effects were incorporated
using P and PET as explanatory variables in the models. We
could not explicitly use the vegetation survey data directly in
the models because while the vegetation data extended more
than 70 years, they lacked sufficient temporal resolution and
spatial coverage across all watersheds. In lieu of directly incorporating vegetation data into the models to quantify the effect
© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012

D E C L I N I N G W A T E R Y I E L D F R O M F O R E S T S 3003
of changes in forest structure and species composition, interventions were added to the Q models to approximate the
influence of changes in forest structure and species composition (Box & Jenkins, 1976; Rasmussen et al., 2001; Brockwell &
Davis, 2002).
Eight candidate models were evaluated (Table 3b) including
Q predicted as a function of P only (model 5), P with the three
intervention scenarios described above (models 6–8), P and
PET only (model 9), and P and PET with the three intervention
scenarios (models 10–12), where Xt and Yt are defined as above
and: x2 = coefficient on P term, representing the contribution
of P to the magnitude Q, x3 = coefficient on PET term, representing the contribution of PET to the magnitude Q, x4 = coefficient on ramp intervention Xt, representing the slope or rate
of change in Q that is not explained by climate from the start
of time series to year Tint1, x5 = coefficient on ramp intervention Yt, representing the slope or rate of change in Q that is not
explained by climate from year Tint2 to end of time series.
With each scenario, residuals were checked for autocorrelation and white noise to insure random variation and serial
independence.
Where interventions improved the fit of the model predicting Q as a function of climate, the slope of the intervention
was interpreted as the change in Q not caused by climate and
likely attributable to changes in forest structure and species
composition. We visually compared the direction of changes
in basal area and species composition over time to the direction of changes in Q attributed to changes in vegetation (i.e.,
the slope of the interventions) in WS14 where vegetation survey plots were most representative of the watershed. We
quantified the probable effect of the changes in forest structure and species composition on Q in each watershed by
computing the difference between Q predicted using the
selected intervention models for each watershed (Q affected
by both climate and forest change) and Q predicted using
these models but with intervention coefficients x4 and x5 set
to zero (Q affected by climate only).

Results
Water yield increased in all low-elevation watersheds
in the first half of the 20th century and declined in the
latter part of the century in north-facing low-elevation
watersheds (Fig. 2; Tables 4 and S2). Water yield in
south-facing low-elevation WS02 increased by
24.3 mm yr1 (55%) until 1950, and increased in northfacing low-elevation watersheds by 7.3–8.5 mm yr1
(31%–36% in WS14 and WS18, respectively), until 1974.
Water yield then decreased in these north-facing watersheds by 6.4–6.5 mm yr1 (22% for both WS14 and
WS18, respectively) after 1974. Although we did not
identify significant changes in Q for high-elevation
watersheds, likely because Q in these watersheds is
much more variable than low-elevation watersheds,
temporal patterns in Q followed the same trend and
were highly correlated to those of low-elevation watersheds (R2 > 0.89, P < 0.0001).
© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012

Fig. 2 Observed annual water yield for low-elevation (a) and
high-elevation (b) watersheds (WS). Black lines and circles are
the observed water yield, solid red lines are the modeled mean
with ramp interventions in 1949 for WS02, and 1974 for WS14
and WS18. Dashed red lines are the upper and lower 95% confidence intervals about the modeled mean. Ramp interventions
shown were significant at a = 0.10.

Consistent with the changes in Q, ET decreased in all
watersheds in the first half of the 20th century and
increased in the latter part of the century in all watersheds but high-elevation WS27 (Fig. 3; Tables 4 and
S3). Decreases in ET prior to breakpoint years of lowelevation watersheds ranged from 2.3–3.4 mm yr1
(9% in both WS18 and WS2), and of high-elevation
watersheds by 4.3–4.9 mm yr1 (31% and 12% in WS36
and WS27). Observed decreases in ET for WS34 were
not comparable to the other watersheds due the shorter
period of record. Evapotranspiration increased in lowelevation watersheds in the latter part of the 20th century by 3.7–9.3 mm yr1 (15% and 13% in WS14 and
WS2), and in high-elevation watersheds by 6.2–
8.7 mm yr1 (29% and 15% in WS36 and WS34).
Precipitation and PET were strong predictors of Q
variability, but did not completely explain the longterm temporal pattern of changes in Q and ET. Annual
P increased by 37.3 mm yr1 (19.7%) until 1946, but the
central tendency has not changed since that time
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Table 4 Best fitting models to quantify the magnitude and timing of changes in Q, ET, P, and PET. Models are described in
Table 3a. Results for all models are shown in Tables S2–S4
Xt
Watershed

Best model

l (mm)

Water yield (Q)
2
2
820.2
14
4
1108.5
18
4
1138.3
34
1
1122.0
27
1
1695.4
36
1
1682.0
Evapotranspiration (ET)
2
4
1011.6
14
4
800.3
18
4
967.1
34
4
827.3
27
2
618.1
36
4
317.6
Precipitation (P)
P
2
1810.4
Potential Evapotranspiration (PET)
PET
4
879.2

Tint1 (year)

Yt
x0 (mm)

P

Tint2 (year)

x1 (mm)

1974
1974

6.4
6.5

0.042
0.059

1999
1980
1985
1999

9.3
3.7
4.0
8.7

0.003
<0.001
0.005
0.015

1998

6.2

0.080

1950
1974
1974

24.3
7.3
8.5

0.036
0.034
0.025

1967
1974
1978
1959
1965
1978

3.4
3.1
2.3
59.8
4.9
4.3

0.004
0.001
0.012
0.033
0.046
0.001

1946

37.3

0.084

1949

5.0

0.046

(Tables 4 and S4; Fig. 4a). Annual PET decreased by
5.0 mm yr1 (5.9%) until 1949, and then increased by
4.6 mm yr1 (8.3%) after 1997 (Tables 4 and S4;
Fig. 4b). Precipitation and PET together explained 88–
94% of the variability in annual Q across the six watersheds (Table 5), while P alone explained 67–88% and
PET explained an additional 6–23% (Table S5, cf. models 9 and 5). Although P and PET explained a significant proportion of the variability in Q, residuals (i.e.,
model error) of the Q models, while uncorrelated and
normally distributed with a mean of zero (Table S6),
had a nonlinear relationship over time (Fig. 5), suggesting that climate did not completely explain the temporal changes in Q.
Changes in forest structure and species composition
are consistent with the temporal pattern of residuals in
the models of Q as a function of climate (Figs 5 and 6),
and likely contribute to the observed changes in Q
(Fig. 2). The mean total overstory tree basal area in
WS14 decreased 15% by 1970 due to the loss of C. dentata, but had recovered to within 3% of the 1934 level
by 2010. Similar temporal patterns in total basal area
were found in WS18, with a consistent decline between
1934 and 1970 and increases since that time. By the
1970s, the forest was dominated by ring-porous Quercus
species, but by the end of the 20th century, a diversity
of mostly diffuse-porous mesophytic species became
dominant (Elliott & Swank, 2008) including L. tulipifera,
A. rubrum, and Betula lenta L. Thus, while the total basal
area was similar in 1934 and 2010, the species

1997

4.6

P

0.002

AIC

wi

1072.3
1074.8
1090.3
830.8
972.8
1031.1

0.52
0.37
0.38
0.38
0.40
0.46

900.7
885.6
902.9
704.2
787.6
855.6

0.91
0.95
0.78
0.67
0.45
0.58

1081.8

0.458

819.9

0.699

distribution changed from dominance by C. dentata to
Quercus species and finally to diffuse-porous, mesophytic species (Fig. 6b, c) resulting in potential changes
in transpiration over time (Fig. S3).
Interventions added to the statistical models of Q
allowed us to estimate the likely magnitude of the
impact of changes in forest structure and species composition on Q. When added to the Q models, the interventions: improved model fit while maintaining
parsimony (Table S5); minimized the temporal pattern
of residuals (Fig. 5); and were consistent with, and thus
a proxy for, the effect of the observed changes in forest
basal area on Q (Fig. 6). Taking the difference in
adjusted R2 values between models that predicted Q as
a function of climate and vegetation (Table 5) and models that predicted Q as a function of climate only
(Table S5 model 9), we found that the interventions and
the changes in forest structure and species composition
they represent explained an additional 1–2% of the
variability in Q beyond that explained by climate.
Declines in forest basal area likely increased Q in all
low-elevation watersheds by 3.3–4.2 mm yr1 until
1976, and in high-elevation watersheds by 5.3–
6.5 mm yr1 (WS36 and WS27) until 1973 (Table 5;
Fig. 7). Again, increases in high-elevation watershed
WS34 Q due to forest change in the early 20th century
were not comparable to the others because the period
of record in this watershed began 18 years later. In the
latter part of the 20th century, the changes in forest
structure and species composition likely decreased Q in
© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012
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Fig. 4 Observed annual precipitation (P) (a) and potential evapotranspiration (PET) (b) at low-elevation standard rain gage 19
(SRG19) and climate station 01 (CS01), respectively. Black lines
and circles are the observations; solid red lines are the modeled
mean with ramp interventions in 1946 for precipitation and
1949 and 1997 for evaporation. Dashed red lines are the upper
and lower 95% confidence intervals about the modeled mean.
Ramp interventions shown were significant at a = 0.10.

Fig. 3 Observed annual evapotranspiration (ET) for low-elevation (a) and high-elevation (b) watersheds (WS). Black lines and
circles are the observed ET, solid red lines are the modeled
mean with ramp interventions in 1967 and 1999 (WS02), 1974
and 1980 (WS14), 1978 and 1985 (WS18), 1959 and 1999 (WS34),
1965 (WS27), and 1978 and 1998 (WS36). Dashed red lines are
the upper and lower 95% confidence intervals about the modeled mean. Ramp interventions shown were significant at
a = 0.10.

all low-elevation watersheds and high-elevation WS34.
These decreases in Q due to forest change began in the
late 1960s to early 1970s, and ranged from 2.4–
3.3 mm yr1 (in WS02 and WS14, Table 5). Forest
changes in the latter half of the 20th century may have
decreased Q by as much as 18% in low-elevation watersheds in a given year vs. what would be expected due
to changes in climate only (Fig. 7).

Discussion
Both climate and changes in forest structure and species composition interacted to induce long-term
changes in Q from forested watersheds in the southern
Appalachian mountains. The variability in Q has been
shown to correspond to larger global climate cycles
including the El Ni~
no Southern Oscillation and the
Pacific Decadal Oscillation (Jones et al., 2012). While
projections of trends in P for the region from General
© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012

Circulation Models remain ambiguous over the 21st
century (IPCC, 2013), T is projected to increase with certainty (IPCC, 2013; Melillo et al., 2014) resulting in predicted increases in PET (Milly & Dunne, 2011) and ET
(Kirtman et al., 2013). These projections of future P, T,
PET, and ET are consistent with our recent observations
in the long-term record suggesting negligible trends in
mean P over time (Ford et al., 2011b; Laseter et al.,
2012), increases in T since the 1980s (Ford et al., 2011b;
Laseter et al., 2012), and increases in PET and ET since
1980 (this study).
We can perhaps expect continued increases in ET
and decreases in Q through the 21st century strictly
from a climate perspective; however, increases in PET
may or may not manifest as proportional increases in
ET because ET is also influenced by other factors such
as atmospheric CO2, soil moisture stress, leaf area, and
ozone concentrations. Plants regulate stomatal conductance to reduce transpiration during extreme hydro-climatic conditions such as low soil moisture, high wind
speed, and high vapor pressure deficit. There is considerable uncertainty surrounding ecosystem responses to
elevated atmospheric CO2, including changes in ET
and/or water use efficiency (WUE: carbon gained per
unit water consumed) given tree regulation of stomata
during photosynthesis. Studies assessing whether ET or
WUE has changed with increasing CO2 have drawn different conclusions depending in part on the scale at
which they were conducted (i.e., leaf, stand, or watershed). Reductions in stomatal conductance and transpiration are expected to occur under increased
atmospheric CO2 concentration such that photosynthesis is maximized for a given level of water availability
(Katul et al., 2010; Manzoni et al., 2013; Palmroth et al.,
2013). Global meta-analyses across many forest types
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Table 5 Models used to separate the impacts of climate and forest structure and species composition on water yield (Q) for each
watershed (WS). Models are described in Table 3b. Results for all models are shown in Tables S5. All model parameters are significant at a < 0.010

WS

Model

P
x2

PET
x3

Yt

Xt
Tint1 (year)

x4 (mm)

Tint2 (year)

x5 (mm)

Models predicting Q as a function of climate only
2
9
0.83
0.82
14
9
0.85
0.65
18
9
0.87
0.84
27
9
0.95
0.57
34
9
0.85
0.63
36
9
1.10
0.65
Models predicting Q as a function of Climate and forest structure and species composition
2
12
0.82
0.73
1972
4.2
1972
2.4
14
12
0.84
0.55
1974
4.0
1974
3.3
18
12
0.86
0.75
1976
3.3
1976
2.9
27
10
0.96
0.59
1965
6.5
34
12
0.86
0.56
1967
16.9
1967
2.6
36
10
1.12
0.65
1973
5.3

suggest that WUE has increased over roughly the last
century (e.g., Penuelas et al., 2011; Van Der Sleen et al.,
2015) and in particularly over the last few decades
(Keenan et al., 2013). While the latter study shows
increasing WUE with rising CO2, it is largely driven by
decreased ET and not increased productivity; partially
explained by the decrease in stomatal conductance with
enhanced CO2 (Herrick et al., 2004; Domec et al., 2009;
Leakey et al., 2009). Despite potential changes in forest
ET in response to rising CO2, the magnitude of the
change in Q due increasing WUE is expected to be
small relative to changes in precipitation (Leuzinger &
Korner, 2010) and is opposite in direction to the
changes in ET and Q we show in this study. Increasing
atmospheric ozone (Vingarzan, 2004) may have the
opposite effect by reducing the ability of plants to
adjust stomata in response to environmental conditions
thereby increasing ET and reducing Q (Sun et al., 2012).
It is unlikely that changes in ozone concentration have
resulted in the changes in Q because ozone concentrations measured at Coweeta have been relatively
constant since monitoring began in 1988 (www.epa.
gov/castnet/javaweb/site_pages/COW137.html).
The use of ARIMA time-series modeling with interventions allowed us to quantify the magnitude, timing,
and significance of changes in Q and climate variables.
The fact that we were not able to detect changes in Q in
high-elevation watersheds despite visually similar temporal patterns in Q between high- and low-elevation
watersheds (Fig. 2) suggests that it is more difficult to
detect changes over time when interannual variability
is relatively high. In most watersheds without artificial
flow regulation, Q is highly variable from year to year

AIC

wi

Adj. R2

903.0
893.8
913.7
791.3
708.0
850.7

0.006
0.001
0.043
0.049
0.029
<0.001

0.897
0.910
0.905
0.937
0.882
0.925

893.1
879.1
907.7
786.1
701.2
835.2

0.882
0.994
0.827
0.650
0.836
0.664

0.912
0.928
0.915
0.943
0.898
0.941

due to the variability in P, and particularly in steep, flashy high-elevation watersheds like those in the southern Appalachians with high Q/P (>~0.7) and a large
proportion (>~20%) of Q occurring during and immediately after storm events (Swift et al., 1988). In contrast,
low-elevation watersheds had Q/P of approximately
0.5 (Table 2) and approximately 5% of Q derived from
storm events. Changes can be more readily detected for
variables with relatively less variability such as ET
(Fig. 3) and in fact changes in ET were detected in both
low- and high-elevation watersheds. Although changes
in Q were not detected in high-elevation watersheds,
the best fitting Q models for high-elevation watersheds
that included interventions at the beginning and end of
the time series had the same 1974 breakpoint as those
models for the low-elevation watersheds (model 4,
Table S2). This suggests that the temporal patterns in Q
observed in low-elevation watersheds may have also
been present in the high-elevation watersheds but they
may have been masked by the interannual variability.
As a result of this variability, these models were not
selected as the best fitting, most parsimonious models
among those evaluated and we could not justify using
these models to represent the changes in Q over time.
The ARIMA time-series modeling approach also
allowed us to separate the effects of climate and
changes in vegetation on Q. The magnitude and sign of
P and PET coefficients in the models that predicted Q
as a function of climate and vegetation change using
interventions (Table 5) provide support for the adequacy of the model structure, as they generally align
with previously published information on hydrological
processes across these watersheds (see Appendix S1).
© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012
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Fig. 5 Cumulative Q residuals (predicted–observed) for lowelevation (a) and high-elevation (b) watersheds (WS). Red circles are the cumulative residuals using models that predict Q as
a function of climate only (model 9 Table 3b). Blue triangles are
cumulative residuals using models that also include interventions (Climate and forest structure and species composition
models in Table 5). Interventions added to the models minimized the relationship between residuals and water year as
indicated by the white noise statistical test for residuals in
Table S6, and represent changes in Q due to changes in forest
structure and species composition.

We could not directly incorporate the vegetation survey
plot data in the time-series models due to differences in
temporal resolution and a limited number of plots in
some watersheds. However, the gradual ramp interventions included in the models (Table 5; Fig. 7) provided a reasonable representation of the effect changes
in vegetation on Q over time in WS14 where vegetation
survey plot data were representative of the watershed.
Further, the interventions improved model fit and eliminated the temporal pattern of model residuals after
accounting for climate (Fig. 5). We interpret this
improvement in model fit when interventions were
included as a manifestation of the effect of changes in
forest structure and species composition on Q.
Changes in forest structure and species composition,
while explaining a smaller proportion of the variability
than climate, likely had considerable impacts on the
magnitude of annual Q, particularly in dry years. For
© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012

example, in 2001 when annual P was 31% below the
1938–2013 mean, the forest change effect decreased Q
by 18% compared to what would have been expected
based on climate and had the forest structure and species composition remained unchanged since the 1970s
(WS02, Fig. 7). During the 2007–2008 drought that
stressed water supplies in the Southeast, Q from lowelevation reference watersheds was 325–375 mm (33–
41%) below the 1938–2013 average. During that time,
changes in forest structure and species composition
may have decreased Q by 85–110 mm (13–18%) relative
to what would have been expected based on climate
and had the forest structure and species composition
remained unchanged since the 1970s (Fig. 7). In other
words, Q during the 2007–2008 drought could have
been 13–18% higher, had the forest remained
unchanged. Forest change may explain more of the
variability in Q than the 1–2% predicted by our statistical models because in the absence of complete knowledge of the relationships and feedbacks between
climate, topography, vegetation, and ET, we assumed
gradual, linear forest change effects while actual forest
effects on ET may have occurred nonlinearly over
shorter time periods (Fig. 6).
The Chestnut Blight had a major impact on stand
composition and structure, and likely also impacted Q.
The reductions in ET and increases in Q in the first half
of the 20th century coincided with the decline of C. dentata and the associated reduction in basal area and biomass (Fig. 6). In 1934, C. dentata was found across the
Coweeta Basin, and represented 36% of the total basal
area (Elliott & Swank, 2008; Elliott & Vose, 2011).
C. dentata mortality can partially explain the increasing
Q in the first half 20th century, when basal area was
lower through 1950s than in 1934, as it took some time
before replacement species could achieve the stem size
(sapwood area and corresponding water conductance)
to transport the amount of water previously used by
large C. dentata trees. The increases in ET and reductions in Q since the 1970s correspond to the establishment of mesophytic, diffuse-porous species after
dominance by xerophytic, ring-porous Quercus species
in the wake of C. dentata loss (Fig. 6). In addition, the
forest has aged resulting in increases in transpiration
(Fig. S3) and accumulated biomass resulting in
increases in canopy interception of P. Evapotranspiration, total basal area, and the change in ET due to forest
changes recovered to 1930s levels by the end of the 20th
century (Figs. 3, 6, and 7), suggesting that the C. dentata-dominated forest had similar water use to the contemporary stand dominated by mesophytic species.
C. dentata is often classified as a ring-porous species
(e.g., Panshin & Dezeeuw, 1980), however Dudley
(1886) suggested that the xylem shares characteristics
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Fig. 6 Observed mean (SE bars) total overstory basal area over time across vegetative plots in low-elevation north-facing WS14 and
adjacent WS18 (a), and the mean (SE bars) percentage of the overstory basal area for four xylem anatomy types in WS14 (b) and WS18
(c). Tree species associated with each xylem anatomy type are detailed in Table S1.

with semi-ring porous species that transpire more
water for a given stem size than their ring-porous counterparts (Fig. S3). Indeed, historical and recent evidence
suggests that C. dentata may have functioned more similarly to mesophytic species (A. rubrum and L. tulipifera)
than other ring-porous Quercus species in terms of
water use (Meyer, 1927; Bauerle et al., 2006), photosynthetic response (Joesting et al., 2007), growth rate (Mcewan et al., 2006), and biomass allocation (Wang et al.,
2006).
In addition to the Chestnut Blight, other forest disturbances and stresses have occurred in the latter half of
the 20th century, but were less extensive and were episodic in nature and thus likely had minimal long-term
impacts on the changes in ET and Q we quantified in
this study. Fall cankerworm resulted in a brief decrease
in Q in early winter (November–January) until 1977,
but changes in annual Q were not detected (Swank

et al., 1988). The decrease in Q was attributed to
increases in ET drive by stimulation of leaf production
during defoliation. The drought-induced canopy gaps
during the 1980s were mostly constrained to drier
slopes and ridges (Clinton et al., 1993). ET rates in these
topographic positions are relatively low compared to
coves and riparian areas where trees have access to
higher soil moisture (Ford et al., 2011a), thus it is unlikely that the drought-induced canopy gaps on ridges
and steep slopes would result in a significant change in
Q at the watershed scale. Further, rapid regeneration in
the canopy gaps by A. rubrum (Clinton & Boring, 1994)
likely mitigated any decrease in ET due to the oak mortality. The loss of Tsuga canadensis in riparian areas due
to hemlock woolly adelgid (HWA, Adelges tsugae
Annand) and consequent reduction in interception has
contributed to increases in peak flows, but no significant changes in the magnitude of annual Q (Brantley
© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012
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Fig. 7 Relative (blue) and absolute (red) change in annual water
yield (Q) not explained by climate for low-elevation (a) and
high-elevation (b) watersheds (WS). Changes in Q were quantified by computing the difference between Q predicted using the
selected intervention models for each watershed in Table 5 (i.e.,
Q affected by both climate and forest change) and Q predicted
using these models but with intervention coefficients x4 and x5
set to zero (Q affected by climate only).

et al., 2014). However, following T. canadensis loss
R. maximum density increased (Ford et al., 2012). This
evergreen understory species has high leaf area and
potentially high canopy interception of P but relatively
low daily water use (Brantley et al., 2013). Also following hemlock loss diffuse-porous species increased in
basal area (Ford et al., 2012) with higher daily water
use compared to hemlock. These changes in species
growth and recruitment after HWA have initially offset
any observable increase in annual Q, but may result in
decreases in annual Q over the long term given that
replacement species transpire more water (Brantley
et al., 2013).
The results of this study suggest opportunities for
further research relating changes in forest structure and
species composition to Q. We could not explicitly use
our vegetation survey data in the Q models because
they lacked sufficient temporal resolution and spatial
coverage across all watersheds. Instead, we constructed
interventions and added them to the models to approximate the influence of vegetation changes, and
© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012

qualitatively related these interventions to changes in
forest structure and species composition. The paired
watershed approach (Wilm, 1944) used in many forest
hydrology experiments at Coweeta and other experimental forests, could be used to isolate and quantify
the effect of forest mesophication on Q by selectively
removing mesophytic species from a treatment watershed and comparing Q to a second untreated reference
watershed. Examining the effects of mesophication at a
larger scale is also warranted. Forest mesophication has
been documented across the eastern USA (Nowacki &
Abrams, 2008, 2015; Pederson et al., 2015) with potential implications to water supply and downstream
aquatic ecosystems. A modeling approach similar to
the one used here could employ publically available Q
(e.g., US Geological Survey gauging stations) and vegetation data (e.g., US Forest Service Forest Inventory and
Analysis) to shed light on the extent to which forest
mesophication has affected Q in larger watersheds
across the region.
Milly et al. (2008) concluded that ‘stationarity is dead’
and this study provides additional evidence that we
can no longer expect historical flow regimes to continue
to serve as a guide for the management of water
resources in the future. Indeed, Q is changing from
local to global scales (Lins & Slack, 1999; Mccabe &
Wolock, 2002; Dai et al., 2009; Stahl et al., 2010; Rice
et al., 2015) with implications for water supply, hydropower, and flood risk, as well as aquatic ecosystems
and the industries that depend on them. Climate and
land-use change have long been linked to nonstationarity in hydrological records. This study is among the
first to show that in addition to climate, gradual and
subtle changes in forest structure and species composition in reference watersheds can also result in hydrological states beyond the envelope of the past. As Milly
et al. (2008) argued, ‘in a nonstationary world, continuity of observations is critical.’ Long-term records of climate, vegetation, and hydrology such as those collected
at Coweeta will become increasingly valuable as we
face a continuously changing world.
Prior to this work, large, abrupt changes to forest
basal area or species composition were needed to
induce a detectable change in Q (Bosch & Hewlett,
1982; Brown et al., 2005). Now with the rise of ecohydrology as a discipline, we can work across scales of
the hydrologic cycle from sapwood to the stream, and
link this multiscale analysis with the ecophysiology of
individual species. Only with this interdisciplinary
approach and with long-term data, we can start to see
the effect of changes in species composition that plays
out over decades and is caused by climate change as
well as pests and pathogens acting on a fraction of the
forest tree species. Looking forward, state-of-the-art
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vegetation models calibrated to regional climate data
and projected increases in climate variability (IPCC,
2013; Melillo et al., 2014) suggest continued droughtrelated forest disturbances in the future that could shift
contemporary mesophytic forests comprised of diffuseporous species (Mcewan et al., 2011) toward xerophytic
forests comprised of more drought-tolerant ring-porous
Quercus species (Iverson et al., 2004; Clark et al., 2014;
Elliott et al., 2015; Mcdowell & Allen, 2015). However,
vegetation models based on modeling individual species and their climate-envelopes do not consider competition among individuals, or climate-competition
interactions, and may result in great uncertainty in
future species distributions (Clark et al., 2014). There
remains considerable uncertainty in the future trajectory of climate and species range shifts, but clearly the
combined effects of climate and forest vegetation
changes will have significant impacts on water yield
from forested lands.

Acknowledgements
We thank all scientists, technicians, and students who have contributed to the long-term climate and hydrology data at Coweeta. We also thank Eric Davidson, Paul Barten, Julia Jones and
two anonymous reviewers for their thoughtful reviews on previous versions of this manuscript. Funding for this research was
provided by the USDA Forest Service, Southern Research Station; the National Science Foundation (NSF), Long-Term Ecological Research (LTER) program (award #DEB-0823293); and the
USDA, Agriculture and Food Research Initiative Foundational
Program (award #2012-67019-19484). Any opinions, findings,
conclusions, or recommendations expressed in the material are
those of the authors and do not necessarily reflect the views of
the USDA or the NSF.

References
Adams MA (2013) Mega-fires, tipping points and ecosystem services: managing forests and woodlands in an uncertain future. Forest Ecology and Management, 294,
250–261.
Anagnostakis SL (1987) Chestnut Blight – the classical problem of an introduced
pathogen. Mycologia, 79, 23–37.
Bauerle WL, Wang GG, Bowden JD, Hong CM (2006) An analysis of ecophysiological
responses to drought in American Chestnut. Annals of Forest Science, 63, 833–842.
Bearup LA, Maxwell RM, Clow DW, Mccray JE (2014) Hydrological effects of forest
transpiration loss in bark beetle-impacted watersheds. Nature Climate Change, 4,
481–486.
Bleakly Advisory Group Inc., Seaman BA, Pbs&J Inc. (2010) Lake Sidney Lanier economic
impact analysis. Available at: http://lakelanier.org/wp-content/uploads/2012/03/
Lake-Lanier-Economic-Impact-Analysis-Final-Report.pdf (accessed 10 April 2015).
Bolstad PV, Swift L, Collins F, Regniere J (1998) Measured and predicted air temperatures at basin to regional scales in the southern Appalachian mountains. Agricultural and Forest Meteorology, 91, 161–176.
Bosch JM, Hewlett JD (1982) A review of catchment experiments to determine the
effect of vegetation changes on water yield and evapotranspiration. Journal of
Hydrology, 55, 3–23.
Box GEP, Jenkins GM (1976) Time Series Analysis: Forecasting and Control. Holden-Day,
San Francisco, CA.
Box GEP, Tiao GC (1975) Intervention analysis with applications to economic and
environmental problems. Journal of the American Statistical Association, 70, 70–79.

Brantley S, Ford CR, Vose JM (2013) Future species composition will affect forest
water use after loss of eastern hemlock from southern Appalachian forests. Ecological Applications, 23, 777–790.
Brantley ST, Miniat CF, Elliott KJ, Laseter SH, Vose JM (2014) Changes to southern
Appalachian water yield and stormflow after loss of a foundation species. Ecohydrology, 8, 518–528.
Brockwell PJ, Davis RA (2002) Introduction to Time Series and Forecasting. Springer-Verlag, New York, NY.
Brown AE, Zhang L, Mcmahon TA, Western AW, Vertessy RA (2005) A review of
paired catchment studies for determining changes in water yield resulting from
alterations in vegetation. Journal of Hydrology, 310, 28–61.
Burnham KP, Anderson DR (2002) Model Selection and Multimodel Inference: A Practical
Information-Theoretic Approach. Springer-Verlag, New York, NY.
Caldwell P, Muldoon C, Ford Miniat C et al. (2014) Quantifying the role of National
Forest System lands in providing surface drinking water supply for the southern
United States. General Technical Report GTR-SRS-197. USDA-Forest Service,
Southern Research Station, Asheville, NC. http://www.treesearch.fs.fed.us/
pubs/47149 (accessed 20 February 2015).
Clark JS, Bell DM, Kwit MC, Zhu K (2014) Competition-interaction landscapes for the
joint response of forests to climate change. Global Change Biology, 20, 1979–1991.
Clinton BD, Boring LR (1994) Regeneration patterns in canopy gaps of mixed-oak forests of the southern Appalachians – influences of topographic position and evergreen understory. American Midland Naturalist, 132, 308–319.
Clinton BD, Boring LR, Swank WT (1993) Canopy gap characteristics and drought
influences in oak forests of the Coweeta Basin. Ecology, 74, 1551–1558.
Dai A, Qian TT, Trenberth KE, Milliman JD (2009) Changes in continental freshwater
discharge from 1948 to 2004. Journal of Climate, 22, 2773–2792.
Day FP, Monk CD (1974) Vegetation patterns on a southern Appalachian watershed.
Ecology, 55, 1064–1074.
Domec JC, Palmroth S, Ward E, Maier CA, Therezien M, Oren R (2009) Acclimation
of leaf hydraulic conductance and stomatal conductance of Pinus taeda (loblolly
pine) to long-term growth in elevated CO2 (free-air CO2 enrichment) and N-fertilization. Plant Cell and Environment, 32, 1500–1512.
Douglass JE, Hoover MD (1988) History of Coweeta. In: Forest Hydrology and Ecology
at Coweeta (ed. Douglass JE). Springer-Verlag, New York, NY.
Douglass JE, Swank WT (1972) Streamflow Modification through Management of Eastern
Forests. U.S. Department of Agriculture, Forest Service, Southeastern Forest Experiment Station, Asheville, NC.
Dudley PH (1886) Duct formation in chestnut wood. Bulletin of the Torrey Botanical
Club, 13, 91–92.
Elliott KJ, Swank WT (2008) Long-term changes in forest composition and diversity
following early logging (1919–1923) and the decline of American chestnut (Castanea dentata). Plant Ecology, 197, 155–172.
Elliott KJ, Vose JM (2011) The contribution of the Coweeta Hydrologic Laboratory to
developing an understanding of long-term (1934–2008) changes in managed and
unmanaged forests. Forest Ecology and Management, 261, 900–910.
Elliott KJ, Miniat CF, Pederson N, Laseter SH (2015) Deciduous forest tree growth
response to hydroclimate variability in the southern Appalachians. Global Change
Biology, 21, 4627–4641.
Fenneman NM (1917) Physiographic subdivision of the United States. Proceedings of
the National Academy of Sciences of the United States of America, 3, 17–22.
Ford CR, Goranson CE, Mitchell RJ, Will RE, Teskey RO (2005) Modeling canopy
transpiration using time series analysis: a case study illustrating the effect of
soil moisture deficit on Pinus taeda. Agricultural and Forest Meteorology, 130,
163–175.
Ford CR, Hubbard RM, Vose JM (2011a) Quantifying structural and physiological
controls on variation in canopy transpiration among planted pine and hardwood
species in the southern Appalachians. Ecohydrology, 4, 183–195.
Ford CR, Laseter SH, Swank WT, Vose JM (2011b) Can forest management be used to
sustain water-based ecosystem services in the face of climate change? Ecological
Applications, 21, 2049–2067.
Ford CR, Elliott KJ, Clinton BD, Kloeppel BD, Vose JM (2012) Forest dynamics following eastern hemlock mortality in the southern Appalachians. Oikos, 121, 523–536.
Greenberg CH, Mcnab WH (1998) Forest disturbance in hurricane-related downbursts in the Appalachian mountains of North Carolina. Forest Ecology and Management, 104, 179–191.
Herrick JD, Maherali H, Thomas RB (2004) Reduced stomatal conductance in sweetgum (Liquidambar styraciflua) sustained over long-term CO2 enrichment. New Phytologist, 162, 387–396.
Hibbert AR (1969) Water yield changes after converting a forested catchment to grass.
Water Resources Research, 5, 634–640.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012

D E C L I N I N G W A T E R Y I E L D F R O M F O R E S T S 3011
Ice GG, Neary DG, Adams PW (2004) Effects of wildfire on soils and watershed processes. Journal of Forestry, 102, 16–20.

Nowacki GJ, Abrams MD (2015) Is climate an important driver of post-European
vegetation change in the Eastern United States? Global Change Biology, 21,

IPCC (2013) Climate Change 2013: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, United Kingdom and New York, NY.
Iverson LR, Schwartz MW, Prasad AM (2004) How fast and far might tree species
migrate in the eastern United States due to climate change? Global Ecology and Biogeography, 13, 209–219.
Jensen ME, Burman RD, Allen RG (1990) Evapotranspiration and Irrigation Water

314–334.
Palmroth S, Katul GG, Maier CA, Ward E, Manzoni S, Vico G (2013) On the complementary relationship between marginal nitrogen and water-use efficiencies among
Pinus taeda leaves grown under ambient and CO2-enriched environments. Annals
of Botany, 111, 467–477.
Panshin AJ, Dezeeuw C (1980) Textbook of Wood Technology (4th edn). McGraw-Hill
Book Company, New York, NY.

Requirements. American Society of Civil Engineers, New York, NY.
Joesting HM, Mccarthy BC, Brown KJ (2007) The photosynthetic response of American chestnut seedlings to differing light conditions. Canadian Journal of Forest
Research-Revue Canadienne De Recherche Forestiere, 37, 1714–1722.
Johnson JB, Omland KS (2004) Model selection in ecology and evolution. Trends in
Ecology & Evolution, 19, 101–108.

Pederson N, D’amato AW, Dyer JM et al. (2015) Climate remains an important driver
of post-European vegetation change in the eastern United States. Global Change
Biology, 21, 2105–2110.
Peel MC, Finlayson BL, Mcmahon TA (2007) Updated world map of the Koppen-Geiger climate classification. Hydrology and Earth System Sciences, 11, 1633–1644.
Penuelas J, Canadell JG, Ogaya R (2011) Increased water-use efficiency during the

Jones JA, Creed IF, Hatcher KL et al. (2012) Ecosystem processes and human influences regulate streamflow response to climate change at long-term ecological
research sites. BioScience, 62, 390–404.
Katul G, Manzoni S, Palmroth S, Oren R (2010) A stomatal optimization theory to
describe the effects of atmospheric CO2 on leaf photosynthesis and transpiration.
Annals of Botany, 105, 431–442.
Keenan TF, Hollinger DY, Bohrer G, Dragoni D, Munger JW, Schmid HP, Richardson

20th century did not translate into enhanced tree growth. Global Ecology and Biogeography, 20, 597–608.
Postel S, Richter B (2003) Rivers for Life: Managing Water for People and Nature. Island
Press, Washington, DC.
Rasmussen PW, Heisey DM, Nordheim EV, Frost TM (2001) Time series intervention
analysis: unreplicated large-scale experiments. In: Design and Analysis of Ecological
Experiments (eds Scheiner SM, Gurevich J). Oxford University Press, New York,

AD (2013) Increase in forest water-use efficiency as atmospheric carbon dioxide
concentrations rise. Nature, 499, 324–327.
Kirtman B, Power SB, Adedoyin JA et al. (2013) Near-term climate change: projections
and predictability. In: Climate Change 2013: The Physical Science Basis. Contribution
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (eds Stocker TF, Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J,

NY.
Reinhart KG, Pierce RS (1964) Stream-Gaging Stations for Research on Small Watersheds.
US Department of Agriculture Forest Service, Washington, DC.
Rice JS, Emanuel RE, Vose JM, SaC Nelson (2015) Continental US streamflow trends
from 1940 to 2009 and their relationships with watershed spatial characteristics.
Water Resources Research, 51, 6262–6275.

Nauels A, Xia Y, Bex V, Midgley PM). Cambridge University Press, Cambridge,
United Kingdom and New York, NY.
Laseter SH, Ford CR, Vose JM, Swift LW (2012) Long-term temperature and precipitation trends at the Coweeta Hydrologic Laboratory, Otto, North Carolina, USA.
Hydrology Research, 43, 890–901.
Leakey ADB, Ainsworth EA, Bernacchi CJ, Rogers A, Long SP, Ort DR (2009) Elevated CO2 effects on plant carbon, nitrogen, and water relations: six important les-

SAS (2013) PROC ARIMA Version 9.4. SAS Institute, Cary, NC.
Stahl K, Hisdal H, Hannaford J et al. (2010) Streamflow trends in Europe: evidence
from a dataset of near-natural catchments. Hydrology and Earth System Sciences, 14,
2367–2382.
Sun G, Mclaughlin SB, Porter JH, Uddling J, Mulholland PJ, Adams MB, Pederson N
(2012) Interactive influences of ozone and climate on streamflow of forested watersheds. Global Change Biology, 18, 3395–3409.

sons from FACE. Journal of Experimental Botany, 60, 2859–2876.
Leuzinger S, Korner C (2010) Rainfall distribution is the main driver of runoff under
future CO2-concentration in a temperate deciduous forest. Global Change Biology,
16, 246–254.
Lins HF, Slack JR (1999) Streamflow trends in the United States. Geophysical Research
Letters, 26, 227–230.

Swank WT, Waide JB, Crossley DA, Todd RL (1981) Insect defoliation enhances
nitrate export from forest ecosystems. Oecologia, 51, 297–299.
Swank WT, Swift LW, Douglass JE (1988) Streamflow changes associated with forest
cutting, species conversions, and natural disturbances. In: Ecological Studies: Forest
Hydrology and Ecology at Coweeta (eds Swank WT, Crossley DA). Springer-Verlag,
New York.

Manzoni S, Vico G, Palmroth S, Porporato A, Katul G (2013) Optimization of stomatal
conductance for maximum carbon gain under dynamic soil moisture. Advances in
Water Resources, 62, 90–105.
Mccabe GJ, Wolock DM (2002) A step increase in streamflow in the conterminous
United States. Geophysical Research Letters, 29, 38-31–38-34.
Mcdowell NG, Allen CD (2015) Darcy’s law predicts widespread forest mortality
under climate warming. Nature Climate Change, 5, 669–672.

Swift LW, Swank WT, Mankin JB, Luxmoore RJ, Goldstein RA (1975) Simulation of
evapotranspiration and drainage from mature and clear-cut deciduous forests and
young pine plantation. Water Resources Research, 11, 667–673.
Swift LW, Cunningham GB, Douglass JE (1988) Climate and hydrology. In: Forest
Hydrology and Ecology at Coweeta (eds Swank WT, Crossley DA). Springer-Verlag,
New York, NY.
Thomas DJ (1996) Soil Survey of Macon County, North Carolina. Government Printing

Mcewan RW, Keiffer CH, Mccarthy BC (2006) Dendroecology of American chestnut
in a disjunct stand of oak-chestnut forest. Canadian Journal of Forest Research-Revue
Canadienne De Recherche Forestiere, 36, 1–11.
Mcewan RW, Dyer JM, Pederson N (2011) Multiple interacting ecosystem drivers:
toward an encompassing hypothesis of oak forest dynamics across eastern North
America. Ecography, 34, 244–256.

Office, Washington, DC.
Van Der Sleen P, Groenendijk P, Vlam M et al. (2015) No growth stimulation of tropical trees by 150 years of CO2 fertilization but water-use efficiency increased. Nature Geoscience, 8, 24–28.
Vingarzan R (2004) A review of surface ozone background levels and trends. Atmospheric Environment, 38, 3431–3442.

Melillo JM, Richmond TC, Yohe GW (eds) (2014) Climate Change Impacts in the United
States: The Third National Climate Assessment. Global Change Research Program,
Washington, DC.
Meyer BS (1927) The measurement of the rate of water-vapor loss from leaves under
standard conditions. American Journal of Botany, 14, 582–591.
Milly PCD, Dunne KA (2011) On the hydrologic adjustment of climate-model projections: the potential pitfall of potential evapotranspiration. Earth Interactions, 15, 1–

Viviroli D, Durr HH, Messerli B, Meybeck M, Weingartner R (2007) Mountains of the
world, water towers for humanity: typology, mapping, and global significance.
Water Resources Research, 43, W07447.
Vose JM, Elliott KJ (2016) Oak, fire, and global change in the eastern USA: What
might the future hold? Fire Ecology, 12, doi: 10.4996/fireecology.1202.
Vose JM, Sun G, Ford CR et al. (2011) Forest ecohydrological research in the 21st century: what are the critical needs? Ecohydrology, 4, 146–158.

14.
Milly PCD, Betancourt J, Falkenmark M, Hirsch RM, Kundzewicz ZW, Lettenmaier
DP, Stouffer RJ (2008) Climate change – stationarity is dead: whither water management? Science, 319, 573–574.
Monteith JL (1965) Evaporation and the environment. Symposia of the Society for Experimental Biology, 19, 205–234.

Wang GG, Bauerle WL, Mudder BT (2006) Effects of light acclimation on the photosynthesis, growth, and biomass allocation in American chestnut (Castanea dentata)
seedlings. Forest Ecology and Management, 226, 173–180.
Wilm HG (1944) Statistical control of hydrologic data from experimental watersheds.
Transactions of the American Geophysical Union, 2, 618–622.
Woods FW, Shanks RE (1959) Natural replacement of chestnut by other species in the

Nelson TC (1955) Chestnut replacement in the Southern Highlands. Ecology, 36, 352–
353.
Nowacki GJ, Abrams MD (2008) The demise of fire and “Mesophication” of forests in
the eastern United States. BioScience, 58, 123–138.

Great Smoky Mountains National Park. Ecology, 40, 349–361.
Wullschleger SD, Hanson PJ, Todd DE (2001) Transpiration from a multi-species
deciduous forest as estimated by xylem sap flow techniques. Forest Ecology and
Management, 143, 205–213.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 2997–3012

3012 P . V . C A L D W E L L et al.
Supporting Information
Additional Supporting Information may be found in the online version of this article:
Figure S1. Changes in the observed climate record at the Coweeta Hydrologic Laboratory, reproduced from (Ford et al., 2011b).
Figure S2. Changes in basal area by species across the entire Coweeta Basin, modified from Vose and Elliott (2016).
Figure S3. Mean observed daily water use (DWU) estimated from sap flux density measurements in trees of varying species and
diameter at breast height (DBH) in reference watersheds at Coweeta, reproduced from (Ford et al., 2011b).
Table S1. Summary of tree species found in vegetation survey plots of WS14 and WS18.
Table S2. ARIMA model results for quantifying changes in water yield (Q).
Table S3. ARIMA model results for quantifying changes in evapotranspiration (P  Q).
Table S4. ARIMA model results for quantifying changes in precipitation (P) at SRG19 (low elevation) and pan evaporation (PE)
measured at climate station CS01.
Table S5. ARIMA model results for model predicting annual water yield (Q) as a function of precipitation (P) and pan evaporation
(PE).
Table S6. Statistical tests on residuals of ARIMA models predicting annual water yield (Q) as a function of precipitation (P) and
pan evaporation (PE).
Appendix S1. Supplementary discussion: interpreting coefficients in models predicting Q as a function of climate and vegetation.
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