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ABSTRACT
Few studies have examined how insect outbreaks affect landscape-level hydrologic processes. We report the hydrologic effects of the
invasive, exotic hemlock woolly adelgid (HWA) in a headwater catchment in the southern Appalachian Mountains. The study
watershed experienced complete mortality of an evergreen tree species, Tsuga canadensis (L.) Carr. (eastern hemlock), after
infestation was ﬁrst detected in 2003. Hemlock mortality resulted in a ~6% reduction in basal area in the watershed, and this loss was
primarily concentrated in riparian zones. We used a paired-watershed approach to quantify changes in water yield and peak stormﬂow
using streamﬂow data from the infested watershed and a nearby watershed with signiﬁcantly lower hemlock basal area. We
hypothesized that yield would increase shortly after hemlock infestation but decrease over the longer-term. We found that annual yield
did not increase signiﬁcantly in any year after infestation but decreased signiﬁcantly by 12·0 cm (~8%) in 2010. Monthly yield also
decreased after infestation, but changes were limited to the dormant season. The decline in yield is likely to persist as hemlock is
replaced by species with higher transpiration rates. Peakﬂow increased signiﬁcantly after infestation during the two largest ﬂow events
in the post-infestation period. Changes in stormﬂow during extreme events may have been temporary as another evergreen,
Rhododendron maximum, may have mitigated some of the changes after hemlock loss. Thus, streams draining watersheds where
eastern hemlock has been lost due to HWA infestation demonstrate permanent reductions in yield and transient increases in peakﬂow
during large-ﬂow events. Published 2014. This article is a U.S. Government work and is in the public domain in the USA.
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INTRODUCTION
Forests play a critical role in regulating hydrologic
processes in headwater catchments by moderating the
timing and magnitude of streamﬂow (Burt and Swank,
2002; Ice and Stednick, 2004; Ford et al., 2011; Vose
et al., 2011). Hydrologic processes in forests are
particularly sensitive to disturbances that reduce tree
vigour or leaf area and thus decrease evapotranspiration
(Bethlahmy, 1974; Ford and Vose, 2007; Edburg et al.,
2012; Brantley et al., 2013). Most efforts at studying the
effects of disturbance on watershed hydrology have
focused on quantifying the effects of forest-harvesting
practices on watershed yield (Bosch and Hewlett, 1982;
Stednick, 1996; Brown et al., 2005; Ford et al., 2011) and
storm runoff (Reinhart, 1964; Hewlett and Helvey, 1970;
Hornbeck, 1973; Burt and Swank, 2002; Alila et al., 2009;
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Green and Alila, 2012). Reviews by Bosch and Hewlett
(1982) and Brown et al. (2005) have shown that, in
general, harvesting <20% of the basal area shows no
detectable increase in water yield; but water yield increases
thereafter as the percentage of basal area harvested
increases. Reported results of storm runoff responses to
harvesting are more variable. Some studies show large
increases in peakﬂow (Figure 1) after harvest (e.g.
Partridge and Sopper, 1973; Ziemer, 1981; Burton, 1997;
Green and Alila, 2012), and others show little or no effect
after harvest (e.g. Reinhart 1964; Rothacher, 1973;
Troendle et al., 2001; Moore and Scott, 2005). Some of
the disagreement in the effects of harvesting on peakﬂow
may stem from the methods used to detect differences in
ﬂow metrics after harvest, as most of these studies used the
chronological pairing (CP) method that has fallen under
increasing criticism in recent studies (Alila et al., 2009;
Alila and Green, 2014a, 2014b).
Fewer studies have quantiﬁed the effects of insect
outbreaks on yield and stormﬂow compared with the
effects of forest harvest on streamﬂow, although the
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Figure 1. Example hydrograph for a large storm (Jan 2009; 12·85 cm total
rainfall). Storm events were identiﬁed using a ﬂow separation line with a
1
2
slope of 0·5465 l s km . Peakﬂow is the maximum ﬂow rate observed
during the event.

concepts are similar, as both result in a reduction of tree
density and forest leaf area. Insect outbreaks have increased
in recent decades and are now considered among the most
serious threats to forest health in North America with some
examples affecting millions of hectares of forest in the
United States (Allen et al., 2010; Orwig et al., 2012;
Edburg et al., 2012; Ayres et al., 2014). Depending on the
scale and duration of the disturbance, effects of insect
outbreaks on ecosystem function may parallel those of
other large-scale disturbances, such as logging or ﬁre,
which decrease canopy density or alter species composition
and thus reduce evapotranspiration (Bethlahmy, 1974;
Swank et al., 1981; Riscassi and Scanlon, 2009). Common
examples of functional changes in the hydrologic cycle
resulting from insect outbreaks include altered rates of
transpiration (Daley et al., 2007; Ford and Vose, 2007;
Brantley et al., 2013), changes in soil moisture and runoff
(Bethlahmy, 1974) and changes in streamﬂow responses to
storm events (Schwarze and Beudert, 2009).
A recent example of such a disturbance is the outbreak of
the exotic invasive insect hemlock woolly adelgid (HWA,
Adelges tsugae Annand), which has caused widespread
mortality of eastern hemlock [Tsuga canadensis (L.) Carr.]
throughout much of eastern North America (Orwig et al.,
2012). Eastern hemlock is considered a foundation species in
riparian and cove habitats in the southern Appalachian
Mountains (Ellison et al., 2005). Hemlock stands are
characterized by a dense, evergreen canopy that creates a
unique microenvironment within a broader forest landscape
that is otherwise dominated by deciduous tree species (Orwig
et al., 2012). In the southern Appalachians, eastern hemlock is
often limited to ~10% of basal area within a given watershed,
but these trees are often concentrated along riparian corridors
(Ellison et al., 2005). Although eastern hemlock rarely
dominates within a given watershed, it serves several distinct
ecohydrological roles: It is an evergreen tree that maintains

year-round transpiration rates, it is a riparian tree that has high
transpiration rates in the spring (Ford and Vose, 2007) and it
forms a dense evergreen canopy in riparian zones, which
increases interception rates. Eastern hemlock mortality results
in reduced annual stand-level transpiration (Et) in the short
term; but 10–20 years after infestation, eastern hemlock loss
is expected to result in higher growing season and annual
stand transpiration because hemlock is being replaced by
species with higher leaf-level transpiration rates (Daley et al.,
2007; Ford and Vose, 2007; Brantley et al., 2013). In winter,
transpiration rates are expected to decline permanently if
hemlock is replaced primarily with deciduous species
(Brantley et al., 2013). No other native evergreen will likely
ﬁll the ecohydrological role of eastern hemlock after
widespread mortality (Ford and Vose, 2007; Brantley et al.,
2013); and the observed changes in stand-level evapotranspiration may result in permanent alteration of the seasonal
dynamics of streamﬂow. How HWA-induced eastern
hemlock mortality affects water ﬂuxes at the watershed scale
in small headwater catchments remains unknown; but
understanding those effects is critical to managing potential
impacts of eastern hemlock loss on streamﬂow.
Our objectives were to determine the effects of eastern
hemlock loss on water yield and stormﬂow in a mixed
deciduous southern Appalachian headwater catchment that
has experienced near-complete mortality of hemlock as a
result of HWA infestation. We hypothesized that the
effects of eastern hemlock loss on water yield would vary
by season, with small effects annually, and initial increase
in yield followed by a decrease in yield, and more
pronounced effects in the dormant season due to the
elimination or loss of the evergreen leaf habit coupled with
relatively mild winters that allow year-round transpiration.
We also hypothesized that streamﬂow during storms would
be characterized by higher peakﬂow (maximum streamﬂow
during a storm) post-infestation and that these changes
would be most pronounced and persistent during the
dormant season.

METHODS
Site description
The study was conducted at the USDA Forest Service
Coweeta Hydrologic Laboratory, a 2185-ha forested
watershed in the Nantahala National Forest in Macon
County, North Carolina, United States (35·06N, 83·43W).
The climate in Coweeta Basin is classiﬁed as marine,
humid temperate (Swift et al., 1988). Annual temperature
and precipitation range from 12·8 °C and 1795 mm year1
at the valley ﬂoor, which is at 685 m above sea level (ASL)
to 9·8 °C and 2359 mm year1 at higher elevations (1398 m
ASL). The Coweeta Basin contains numerous headwater
catchments, 16 of which are currently monitored for
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streamﬂow (Laseter et al., 2012). Two closely located
(~1·1 km apart) watersheds (WS14 and WS2), similar in
elevation, slope and disturbance history but differing in
pre-HWA eastern hemlock tree cover, were selected
(Table I). WS14, henceforth the infested watershed, has a
northwest aspect and an elevation range of 707–992 m
ASL. WS2, henceforth the reference watershed, has a south
aspect and an elevation range of 747–990 m ASL. Soils in
both watersheds are moderately permeable, well-drained
and moderately deep to very deep (Thomas, 1996). The
saprolite layer beneath the solum may be up to 6 m deep
(Thomas, 1996).
Both the reference and infested watersheds are characteristic of mature, second-growth hardwood forests, and
both have remained relatively undisturbed since 1927
(Swank and Crossley, 1988). Notable disturbances include
loss of American chestnut in the 1930s in both watersheds
and eastern hemlock loss over the last decade (Elliott and
Vose, 2011). The infested watershed was characterized by
a major eastern hemlock component in the riparian corridor
(e.g. 6% of basal area overall and 26% of basal area in the
riparian corridor, Table I), whereas the reference watershed
had signiﬁcantly less eastern hemlock (e.g. <2% of basal area
overall and 4% of basal area in the riparian corridor, Table I).
In these mixed deciduous forested watersheds, eastern
hemlock was the most common canopy evergreen before
infestation. HWA infestation was ﬁrst noticed in the study
watersheds in late 2004. As of 2010, eastern hemlock
mortality throughout the Coweeta basin, including both study
watersheds, was nearly 100% for stems ≥2·5 cm, based on
permanent plot surveys (K. J. Elliott, unpublished data).
Vegetation measurements
Tree surveys were conducted in each watershed to
characterize the relative importance of eastern hemlock in

the forest community. In 2010, we surveyed a total of 30
permanent plots, 0·08 ha (20 m × 40 m) in area, in the infested
watershed (~4% of watershed area) with six of these located
in riparian corridors. In 2011 and 2013, we surveyed a total of
twelve 0·08-ha plots in the reference watershed (~8% of
watershed area) with four of these plots located in riparian
zones. In each plot, diameter at breast height (DBH) of all
woody stems ≥2·5 cm DBH was measured to the nearest
0·1 cm and recorded by species. We used DBH and speciesspeciﬁc allometric equations developed on site to estimate the
leaf area index (square metre of leaf area per square metre of
ground area) contribution of each species in each watershed
(i.e. all plots) and in riparian zones prior to HWA-induced
mortality (Table I; McGinty, 1972; Santee and Monk, 1981;
Martin et al., 1998; Ford and Vose, 2007; B. D. Kloeppel,
unpublished data; C. F. Miniat, unpublished data).
Quantifying water yield responses
Streamﬂow from both watersheds was measured using
permanent weirs that record stream head every 5 min (Swift
et al., 1988). To detect potential hydrologic responses to
eastern hemlock mortality, we used the paired-watershed
approach (Wilm, 1944, 1949). This approach uses predisturbance streamﬂow data from two watersheds similar in
physical characteristics (e.g. elevation and slope) and predisturbance cover to parameterize the regression equation
Y^ i ¼ b0 þ b1 X i

(1)

where Xi is the observed streamﬂow in the reference
watershed for period i and Ŷi is the expected streamﬂow for
the infested watershed under undisturbed conditions for the
same period. In this case, i can represent a speciﬁc year or
month or a discrete stormﬂow event. Following disturbance
(e.g. logging or insect infestation), the regression equation
is used to predict the response variable (e.g. water yield or

Table I. Community composition of infested (WS14) and reference (WS2) watersheds.
Infested watershed
Riparian area
Dominant species
Tsuga canadensis
Rhododendron maximum
Liriodendron tulipifera
Betula lenta
Acer rubrum
Quercus montana
Quercus rubra

Reference watershed

Watershed

Riparian area

Watershed

Basal
area (%)

LAI (%)

Basal
area (%)

LAI (%)

Basal
area (%)

LAI (%)

Basal
area (%)

LAI (%)

26·4
15·8
14·4
13·7
9·5
3·2
2·8

24·2
16·7
12·7
9·9
13·7
4·1
3·7

6·3
11·4
6·3
4·4
11·7
17·7
5·3

5·8
11·5
5·5
3·3
17·2
22·0
6·8

3·9
12·7
5·6
6·7
16·2
3·7
5·9

4·5
12·6
4·4
4·3
21·1
4·1
6·9

1·8
4·1
8·5
2·2
16·0
16·1
2·6

1·7
3·7
6·0
1·3
19·1
16·0
2·7

Dominant species (those representing >5% of basal area in the watershed) in the infested watershed are listed in descending order of basal area in the
riparian area of WS14. Note that eastern hemlock (Tsuga canadensis) are standing dead trees. Leaf area index (LAI) was based on allometric equations
between leaf area and diameter at breast height (1·37 m).
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peakﬂow), which is then compared with observed
streamﬂow parameters (Yi) of interest during the postdisturbance period.
The annual water yield relationship between the
reference (WS2) and infested (WS14) watersheds for the
calibration period (1938–2003) was highly signiﬁcant
(n = 63; r2 = 0·99; P < 0·001). The equation was used to
predict post-infestation (after 2004) yield in WS14 from
2005 to 2012 (PROCMODEL, SAS v9.3, SAS Institute,
Cary, NC). A separate model was created for monthly
water yield using monthly streamﬂow data from May 1937
to Aug 2003. To model monthly yield, we separated the
data by calendar month and created 12 separate regression
equations. Using separate regression equations for each
month helped account for variations in yield relationships
between the two watersheds among months and eliminated
serial autocorrelation, which is often observed in monthly
streamﬂow among consecutive months. Monthly water
yield models were highly signiﬁcant for all months (all
r2 > 0·91; P < 0·001), and they were used to predict
monthly post-infestation yield in WS14 from Mar 2004
to Apr 2012.
We also predicted changes in post-infestation stormﬂow
characteristics. Speciﬁcally, we focused on peakﬂow
during storm events. Storm events were identiﬁed using
standard ﬂow separation procedures described by Hewlett
and Hibbert (1966) and Hibbert and Cunningham (1966)
and use a ﬂow separation line with a slope of 0·5465 l s1
km2 (Hewlett and Helvey, 1970; Figure 1). Pre-treatment
stormﬂow data for the analysis spanned the period from
May 1937 to Aug 2003 (n = 2397 recorded storm events).
As with the monthly yield analysis, separate regression
models relating peakﬂow in each watershed were developed for each month, with each month having n > 150
events over the pre-treatment period. The post-treatment
period included all recorded stormﬂow events from May
2004 to Apr 2012 (n = 214 recorded storm events).
To detect differences between observed and predicted
streamﬂows, we used frequency-pairing (FP) methods
previously detailed by Alila et al. (2009). Most studies of
post-disturbance watershed hydrology (e.g. Reinhart, 1964;
Hornbeck, 1973; Partridge and Sopper, 1973; Ziemer,
1981; Swank et al., 2001) have used CP, pairing ﬂow
events in time, to quantify changes in yield or stormﬂow.
CP has methodological shortcomings that have generally
been ignored in the forest hydrology literature (Alila et al.,
2009; Alila and Green, 2014a, 2014b). Applying CP to
forest hydrology leads to inaccurate estimates of the change
in magnitude of streamﬂow because CP cannot account for
antecedent soil moisture conditions and thus does not isolate
the effects of the disturbance on ﬂow. On the other hand, FP,
which is pairing ﬂow based on frequency distributions of
ﬂow events, controls for both storm attributes (e.g. rainfall
amount) and soil conditions. While FP has been used

sparingly in the forest hydrology literature, it is a wellestablished method in the broader hydrology and climatology literature (e.g. Booth, 1990; Bonsal et al., 2001).
More detailed arguments for the use of FP over CP in forest
hydrologic studies can be found in Alila et al. (2009) as well
as in Alila and Green (2014a, 2014b).
We compared the empirical cumulative distribution
functions (CDFs, FY) for observed and predicted water
yields and peak stormﬂows as
 
F Y Y^ i ¼ p

(2)

where p is an estimate of the probability of occurrence for a
ranked event Y(i) during any period i. Streamﬂow
parameters (i.e. yield or peakﬂow) were ranked, and an
exceedance probability, 1  p, was estimated for each
ranked event using
  m  0·40
1  F Y Y^ i ¼
n þ 0·20

(3)

where m is the rank for a given event and n is the total
number of events in the distribution. This function provides
an empirical estimate of the quantile for a given ﬂow value
(Cunnane, 1978; Stedinger et al., 1993). The CDFs were
then used to construct ﬂow duration curves to assess
changes in untransformed water yield and peakﬂow by
comparing the change in magnitude for a given probability
or the change in probability for a given magnitude (Alila
et al., 2009; Green and Alila, 2012). These methods were
used to compare whether the CDFs of observed and
predicted streamﬂows were signiﬁcantly different for
annual yield, monthly yield in both the dormant and
growing seasons and peakﬂow during storm events in both
the dormant and growing seasons.
Conﬁdence limits for each probability of occurrence
were estimated using a pair of Monte Carlo simulations.
These estimated the variability associated with both the
predictive uncertainty in Equation (1) (Var1) and the
uncertainty associated with the sampling variability at each
rank (Var2; Alila et al., 2009). The ﬁrst Monte Carlo
simulation to estimate predictive uncertainty in Equation
(1) was accomplished by using the following steps on the
raw discharge data: (1) introduce random errors for each
estimate of Ŷi by randomly sampling from a t distribution
with n  2 degrees of freedom; (2) calculate updated
e i); (3)
discharge estimates incorporating the random error (Y
rank the updated estimates; (4) repeat steps 1–3 for 10 000
iterations. Results of the simulation provide an estimate of
e i for
e i, and an estimate of the variance around Y
the mean, Y
each rank (Var1). A second Monte Carlo simulation was
used to estimate the uncertainty imposed by the sampling
variability on the quantile estimates at each rank as follows:
(1) ﬁt a Poisson–Pareto distribution to the expected
e i ; (2) randomly sample from the
discharge data, Y
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distribution in step 1; (3) re-estimate the distribution
parameters; (4) re-estimate quantile values from each rank
using exceedance probabilities from Equation (3); and (5)
repeat steps 1–4 for 10 000 iterations. Results from the
second Monte Carlo simulation provide an estimate of the
e i for each
e i, and an estimate of the variance around Y
mean, Y
rank (Var2).
Conﬁdence limits for each ranked event are then given by
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(4)
Y m ± z1α2 ðVar 1 ½Y m  þ Var 2 ½Y m Þ
We corrected for the loss of variability in the upper tails
by using the raw, expected post-disturbance values from
Equation (1) rather than the estimates calculated from the
Monte Carlo simulation (Alila et al., 2009). We also
created a probability density function for each CDF by
creating a histogram of the ﬂow distributions (PROC
UNIVARIATE, SAS v9.3, SAS Institute, Cary, NC) and
compared changes in the median and interquartile range
of the distribution. For visual comparison, we plotted
histograms of observed and predicted ﬂow distribution in
SigmaPlot (version 12.0, Systat Software Inc., Chicago,
IL, USA) using a spline curve.

RESULTS
Water yield
Annual water yield showed evidence of decline in the
infested watershed following HWA infestation. After
HWA infestation, ranked annual yield values were lower
than predicted for any given probability (Figure 2a). Data
from the most recent three years (2010–2012) deviated
most from expected, although only one year, 2010, was
outside the conﬁdence limits when yield was 12·0 cm
(~8%) below expected. Overall, the distribution function
for annual yield shifted towards lower yield with the
median yield decreasing by 6·8 cm (~9%).
Monthly water yield also showed evidence of decline in
the infested watershed following HWA infestation. Ranked
monthly water yield values were lower than predicted for
any given probability; however, only seven months showed
yield values signiﬁcantly lower than expected (Figure 2b).
All months that deviated signiﬁcantly were in the wettest
10% of the distribution in terms of runoff response
(Figure 2). Overall, the median monthly water yield shifted
towards lower yield (0·36 cm or ~5%), and the
interquartile range increased by ~3%, suggesting slightly
greater variability in the distribution (Figure 2b, inset).
When monthly yield data were separated into growing and
dormant seasons, all of the observed signiﬁcant changes in
yield and the changes in the distribution function were due
to changes in the dormant season. During the growing
season, none of the months were outside of the conﬁdence

intervals (Figure 2c), and there was virtually no change
(<1% change in median yield or interquartile range) in the
distribution (Figure 2c, inset). Months that showed
signiﬁcant deviations from expected were not distributed
evenly throughout the post-infestation period but occurred within 4 months of each other, one in December
2007 and one in March 2008. Overall, the distribution
function for the dormant season shifted towards lower
yield with the median yield decreasing by 0·54 cm
(~6%) and showing a ~10% increase in the interquartile
range, suggesting greater variability in the distribution
(Figure 2d, inset).
Storm responses
Peakﬂow in the infested watershed increased signiﬁcantly
after HWA infestation, but only for the largest ﬂow events.
Prior to HWA infestation, relationships between peakﬂow
in the infested watershed and peakﬂow in the reference
watershed for simultaneous events were highly signiﬁcant
for all months (R2 > 0·81, P < 0·01). Peakﬂow values for
any given probability of occurrence fell both above and
below the predicted values but were generally not outside
the conﬁdence limits (Figure 3a). When data were ranked
for the entire year, only two events showed signiﬁcantly
different peakﬂow than expected (Figure 3a), and both of
these events had >95% probability of non-exceedance. No
event had signiﬁcantly lower peakﬂow than predicted. The
largest deviations were increases in peakﬂow for the two
largest peakﬂow values observed during the post-HWA
period, and these occurred in December 2007 and March
2008. The overall distribution of peakﬂows shifted towards
lower values with the median peakﬂow decreasing by
0·26 l s1 km2 (~4%; Figure 3a, inset). However, the
interquartile range increased by ~12% (Figure 3a, inset),
indicating a substantial increase in the variability in the
distribution.
Results differed when data were separated into growing
and dormant seasons. During the growing season, no storm
event showed a signiﬁcant change in peakﬂow (Figure 3b).
The overall distribution of peakﬂow values shifted very
slightly towards lower peakﬂow with the median peakﬂow
value declining by 0·07 l s1 km2 (~1%; Figure 3b, inset).
The interquartile range increased by ~7% (Figure 3b, inset),
indicating an increase in variation across the distribution.
During the dormant season, the median peakﬂow shifted
towards slightly higher values by 0·28 l s1 km2 (~4%), and
the interquartile range increased by ~5% (Figure 3c, inset),
indicating an increase in variability.

DISCUSSION
Contrary to our ﬁrst hypothesis, the loss of eastern hemlock
basal area in the infested watershed did not stimulate a
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Figure 2. Differences in observed and predicted cumulative distribution functions for annual (a) and monthly (b–d) watershed yield for a watershed that
has experienced complete mortality of eastern hemlock after infestation with hemlock woolly adelgid (HWA). Results for monthly yield (b) are further
divided into growing (c) and dormant (d) seasons. Insets show changes in the probability density function of yield for each ﬂow duration curve.

short-term increase in water yield. This was probably due
to the relatively low proportion of hemlock (~6% of basal
area) in the watershed and the rapid response of cooccurring species to the increased light after hemlock
mortality (Ford et al., 2012). Previous studies indicate that
a >20% reduction in tree basal area is required to observe
increased annual water yield (Bosch and Hewlett, 1982;
Stednick, 1996; Brown et al., 2005). Other watersheds with
a greater abundance of hemlock may experience short-term
increases in water yield after hemlock infestation and
mortality. However, even in watersheds where more
hemlock has been lost, the magnitude and duration of this
response may depend on the rate of subsequent growth of

co-dominant vegetation and the ability of the remaining
forest community to buffer the disturbance. Previous work
at Coweeta postulated an initial 10% increase in annual
water yield due to hemlock loss (Ford and Vose, 2007);
however, the observed changes in water yield were not
detected in this analysis.
The observed changes in water yield were likely a result
of a rapid response of co-dominant species with less
conservative transpiration rates (Ford et al., 2012; Brantley
et al., 2013). Loss of hemlock may have reduced standlevel Et temporarily; but because runoff did not correspondingly increase, the additional resources resulting from
eastern hemlock mortality likely served as a subsidy for
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Figure 3. Differences in observed and predicted cumulative distribution functions for peakﬂow for a watershed that has experienced complete mortality
of eastern hemlock after infestation with hemlock woolly adelgid (HWA). Results are further divided into growing (b) and dormant (c) seasons. Insets
show changes in the probability density function for each ﬂow duration curve.

co-occurring species in the ﬁrst years post-infestation
(Stednick, 1996; Ford et al., 2012). Declining hemlock stands
experienced substantially increased light levels after HWA
infestation, resulting in enhanced growth of co-occurring
canopy and sub-canopy woody species (Ford et al., 2012;
Brantley et al., 2013). Deciduous species including Acer
rubrum L., Betula lenta L. and Liriodendron tulipifera L. are
major components of eastern hemlock-dominated areas, and
these species have much greater transpiration rates than
hemlock (Ford and Vose, 2007; Ford et al., 2011; Vose et al.,
2011). The evergreen shrub Rhododendron maximum L. is
also a major component in the understorey of these
watersheds, especially in the infested watershed (Table I),
and growth of this species has responded strongly to hemlock
canopy loss (Ford et al., 2012). Previous large-scale
manipulations at Coweeta have clearly documented the
importance of the evergreen understorey (R. maximum and
Kalmia latifolia L.) in overall water budgets (Johnson and

Kovner, 1956). Although we anticipated sustained increases
in dormant season yield due to the loss of a canopy evergreen
species, however, the positive growth response of the
understorey evergreen species likely increased evapotranspiration in response and thus decreased dormant season yield.
In our study, observed changes in monthly water yield
occurred most often in March and April when R. maximum
often shows the highest transpiration rates (Brantley et al.,
2013). Increased light levels likely allowed R. maximum to
transpire water that would otherwise have been used by
eastern hemlock in the dormant season, compensating for the
loss of transpiration by hemlock. As R. maximum and other
co-occurring deciduous species increased in leaf area after
hemlock canopy loss (Ford et al., 2012; Brantley et al., 2013),
yield declined signiﬁcantly, suggesting a net increase in
evapotranspiration (i.e. increases of Et, soil evaporation
and/or interception). Whether these relatively small
decreases in yield are of hydrological signiﬁcance remains
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to be seen as these watersheds continue to change as a
result of HWA infestation.
Stream responses to storms showed signiﬁcant changes
after HWA infestation for only extreme events, partially
supporting our second hypothesis. Even with vigorous
statistical analysis and the large sample sizes used in this
study, making inferences from such results must be
performed cautiously, especially when the only observed
differences are at the tails of the distribution (Alila et al.,
2009; Green and Alila, 2012). However, several observations suggest that the changes observed in the extreme
storms are physically relevant. First, the fact that no
changes were detected at the tail end in Figure 3b supports
the conclusion that the changes seen in Figure 3a and c
were a result of physical change in the watershed and not
an artefact of the modelling technique. Second, we would
note that the timing of these two events is evidence that the
observed changes were due to hemlock canopy loss and
mortality. These events occurred in Dec 2007 and Mar
2008, the same period when hemlock canopy loss was
beginning to peak and widespread hemlock mortality
began to occur (Ford et al., 2012). Lastly, we note that
these two largest ﬂow events were not a result of the two
largest rainfall events during the post-infestation period.
While the event in Mar 2008 occurred as a result of a large
rainfall event (7·85 cm), there were 16 larger storm events
during the post-HWA period that did not produce ﬂows as
large. Additionally, the event in Dec 2007 occurred as the
result of a fairly moderate storm (2·51 cm) event. However,
this event followed 2 days with total rainfall of 3·38 cm, so
it is possible that the soils were already saturated.
Because our results are focused on loss of a dominant
evergreen species, which contributes to year-round evapotranspiration, we had expected that effects would be greater
in the dormant season, and while our results are limited to
the most extreme events, that is what we observed. Several
authors have suggested that watershed responses to forest
disturbances could vary seasonally (Hewlett and Helvey,
1970; Ziemer, 1981; Wright et al., 1990); however, there is
little agreement as to whether the growing season or the
dormant season should produce a greater response. Ziemer
(1981) hypothesized that differences in stormﬂow after
disturbance should be greater during the growing season
because greater differences in soil moisture between treated
and untreated watersheds would be observed at this time,
and this pattern has been observed in much of the forest
hydrology literature (Chang, 2003). An alternative to this
hypothesis is that increases in peakﬂow from disturbance
would be greater in the dormant season because dormant
season soil moisture is higher because of reduced
evapotranspiration and soils are more likely to be saturated
(i.e. soils have a reduced storage capacity for incoming
precipitation). According to this hypothesis, pre-event soil
saturation increases the proportion of precipitation that

exits, increasing both peakﬂow and quickﬂow during storm
events (Hewlett and Helvey, 1970; Wright et al., 1990;
Swank et al., 2001). In the current study, we expected that
a primary effect of hemlock loss would be a short-term
decrease in stand-level transpiration (Ford and Vose, 2007;
Brantley et al., 2013), which would lead to increased soil
moisture; this should be a sustained increase, especially in
the dormant season when hemlock is the dominant
physiologically active species in the canopy. However,
we did not ﬁnd increases in soil moisture in previous work
carried out in nearby hemlock stands, likely because stands
dominated by hemlock are in areas of convergent
topography (Ford et al., 2012) and species co-occurring
with hemlock before disturbance had higher leaf-level
transpiration rates than hemlock that compensated for loss
of hemlock transpiration (Brantley et al., 2013).
Increases in peakﬂow after the loss of a dominant,
riparian conifer could also result from differences in
interception in plants bordering the streams rather than
changes in soil moisture due to a decline in transpiration.
Experimental thinning experiments have shown increases
in throughfall and corresponding changes in hydrology
across a variety of forest types (e.g. Aussenac et al., 1982;
Baümler and Zech, 1997). Reduced interception in woody
species bordering the stream after hemlock canopy loss
would increase precipitation directly entering stream
channels and contribute signiﬁcantly to increased peakﬂow
(Hewlett and Nutter, 1970). Conifers are known for
relatively high interception rates compared with deciduous
trees because of high branch and stem surface areas
(Swank, 1968; Link et al., 2004). Eastern hemlock stands,
in particular, have dense canopies with high leaf area index
(Brantley et al., 2013), which contributes to high nearstream interception rates during storms. Loss of hemlock
would have temporarily reduced dormant season leaf area
and may have reduced interception. This change may have
persisted if only deciduous species had replaced hemlock;
however, the positive growth response of R. maximum may
have dampened some of the impacts (Ford et al., 2012;
Brantley et al., 2013), making any shift in stream storm
responses transient and difﬁcult to detect.
Whether increases in stormﬂow during the two largest ﬂow
events were a result of decreased interception or decreased
transpiration, the observed changes would likely persist if
hemlock were replaced primarily by deciduous species.
However, long-term changes in stream responses may depend
heavily on the future importance of the sub-canopy evergreen
shrub R. maximum, which is a major component in the
infested watershed and is common throughout southern
Appalachian forests. Like eastern hemlock, R. maximum is
concentrated in riparian zones where it may have a greater
effect on watershed hydrologic processes than species located
upslope (Hewlett and Nutter, 1970; Jencso et al., 2010).
R. maximum is also known to suppress regeneration of
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common deciduous tree species that are likely to replace
hemlock (Clinton and Vose, 1996; Wurzburger and
Hendrick, 2007).
CONCLUSIONS
We consider the observed changes in yield and stormﬂow
an indication of the importance of hemlock in this forest.
The fact that there was any signiﬁcant effect of hemlock
loss on peakﬂow suggests that hemlock has an important
role in both regulating water yield and mediating stormﬂow
during large-ﬂow events; and these ﬁndings support
previous studies that postulate a unique ecohydrological
role for eastern hemlock (Ellison et al., 2005; Daley et al.,
2007; Ford and Vose, 2007; Brantley et al., 2013).
Although eastern hemlock represented a relatively small
proportion of tree basal area throughout the entire infested
watershed, the concentration of hemlock along riparian
corridors may help explain the observed changes in
watershed hydrology. Riparian zones play a critical role
in connectivity between upslope material inputs and streams.
Several studies have shown that even relatively small
disturbances in riparian areas can affect hydrologic and
nutrient stream inputs (Hewlett and Nutter, 1970; Yeakley
et al., 2003; Jencso et al., 2010; Burt et al., 2010). Loss of the
dominant tree species in riparian zones could have implications for attenuation of high ﬂows, an important function of
healthy forests (Burt et al., 2010). Hemlock is rarely a
dominant species in southern Appalachian forests; but it is
often concentrated in riparian areas. The distinct landscape
position of eastern hemlock is important in relation to its role
across these forests, and future research should consider the
effects of variation in the spatial distribution of tree mortality
on hydrologic processes.
Understanding the impacts that insect outbreaks have on
forest hydrologic cycles is challenging; but such an
understanding is critical to managing forests, as pressures
on high-quality surface water supply increase (Vose et al.,
2011). The relative lack of studies quantifying changes in
watershed processes from insect disturbances reﬂects this
challenge and helps highlight the importance of long-term
research across a range of forest habitats (Argerich et al.,
2013). Understanding how the loss of a foundation species
with a distinct landscape position and a unique
ecohydrological role will affect watershed processes is of
particular importance. The fact that hemlock loss had a
measureable impact on yield and may have temporarily
impacted peakﬂow during extreme storm events suggests
that riparian trees have a greater role in regulating
watershed processes compared with non-riparian trees.
Our future studies will concentrate on investigating
whether a loss of a similar proportion of eastern hemlock
from these catchments will not only increase peakﬂow but
also have greater effects on yield. Other watersheds with a

larger hemlock component and/or a higher proportion of
yield derived from stormﬂow may experience measureable,
short-term increases in water yield and be at an even
greater risk of high ﬂows if widespread hemlock mortality
occurs. These factors should be considered in prioritizing
future research efforts as well as hemlock restoration or
other mitigation strategies.
ACKNOWLEDGEMENTS

This study was supported by the US Department of
Agriculture Forest Service, Southern Research Station, and
by National Science Foundation grants DEB0218001 and
DEB0823293 to the Coweeta LTER programme at the
University of Georgia. Any opinions, ﬁndings, conclusions or
recommendations expressed in the material are those of the
authors and do not necessarily reﬂect the views of the
National Science Foundation or the University of Georgia.
We are grateful to Mark Green, Jennifer Knoepp and Wayne
Swank for providing helpful comments on previous versions
of this manuscript. We are especially thankful to Younes Alila
for his guidance concerning the implementation and
interpretation of the FP analysis. We acknowledge the
support of the long-term climate and hydrologic data network
at Coweeta Hydrologic Lab as well as many individuals, past
and present, especially P. Clinton and C. Marshall for ﬁeld
and climate data collection and processing.

REFERENCES
Alila Y, Green KC. 2014a. Reply to comment by Birkinsaw on “A
paradigm shift in understanding and quantifying the effects of forest
harvesting on ﬂoods in snow environments”. Water Resources Research
50: 2769–2774.
Alila Y, Green KC. 2014b. Reply to comment by Bathhurst on “A
paradigm shift in understanding and quantifying the effects of forest
harvesting on ﬂoods in snow environments”. Water Resources Research
50: 2759–2764.
Alila Y, Piotr KK, Schnorbus M, Hudson R. 2009. Forests and ﬂoods: a
new paradigm sheds light on age-old controversies. Water Resources
Research 46: W05802.
Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N,
Vennetier M, Kitzberger T, Rigling A, Breshears DD, Hogg EH,
Gonzalez P, Fensham R, Zhang Z, Castro J, Demidova N, Lim JH, Allard
G, Running SW, Semerci A, Cobb N. 2010. A global overview of drought
and heat-induced tree mortality reveals emerging climate change risks for
forests. Forest Ecology and Management 259: 660–684.
Argerich A, Johnson SL, Sebestyen SD, Rhoades CC, Greathouse E,
Knoepp JD, Adams MB, Likens GE, Campbell JL, McDowell WH,
Scatena FN, Ice GG. 2013. Trends in stream nitrogen concentrations for
forested reference catchments across the USA. Environmental Research
Letters 8: 1–8.
Aussenac G, Granier A, Naud R. 1982. Inﬂuence of thinning on growth
and water balance. Canadian Journal of Forest Research 12: 222–231.
Ayres MP, Hicke JA, Kerns BK, McKenzie D, Littell JS, Band LE, Luce
CH, Weed AS, Raymond CL. 2014. Disturbance regimes and stressors.
In Climate Change and United States Forests, Peterson DL, Vose JM,
Patel-Weynand T (ed). Springer; 55–92.
Baümler R, Zech W. 1997. Atmospheric deposition and impact of forest
thinning on the throughfall of mountain forest ecosystems in the
Bavarian Alps. Forest Ecology and Management 95: 243–251.

Published 2014. This article is a U.S. Government work and is in the public domain in the USA.

Ecohydrol. (2014)

S. T. BRANTLEY et al.
Bethlahmy N. 1974. More streamﬂow after a bark beetle epidemic.
Journal of Hydrology 23: 185–189.
Bonsal BR, Zhang X, Vincent LA, Hogg WD. 2001. Characteristics of
daily and extreme temperature over Canada. Journal of Climatology 14:
1959–1976.
Booth D. 1990. Stream channel incision following drainage basin
urbanization. Water Resources Bulletin 26: 407–417.
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.
Brantley ST, Ford CR, Vose JM. 2013. Future species composition will
affect forest water use after loss of hemlock from southern Appalachian
forests. Ecological Applications 23: 777–790.
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.
Burt T, Swank WT. 2002. Forests or ﬂoods? Geography Review 15: 37–41.
Burt T, Pinay G, Sabater S. 2010. What do we still need to know about the
ecohydrology of riparian zones? Ecohydrology 3: 373–377.
Burton, TA. 1997. Effects of basin-scale timber harvest on water yield and
peak streamﬂow. Journal of American Water Resource Association 33:
11871194.
Chang M. 2003. Forest Hydrology: An Introduction to Forests and Water.
CRC Press: Boca Raton, FL, USA.
Clinton B, Vose J. 1996. Effects of Rhododendron maximum L. on Acer
rubrum L. seedling establishment. Castanea 61: 38–45.
Cunnane C. 1978. Unbiased plotting positions—a review. Journal of
Hydrology 37: 205222.
Daley MJ, Phillips NG, Pettijohn C, Hadley JL. 2007. Water use by
hemlock (Tsuga canadensis) and black birch (Betula lenta): implications of effects of the hemlock woolly adelgid. Canadian Journal of
Forest Research 37: 2031–2040.
Edburg SL, Hicks JA, Brooks PD, Pendall EG, Ewers BE, Norton U,
Gochis D, Gutmann ED, Meddends AJH. 2012. Cascading impacts of
bark-beetle caused tree mortality on coupled biophysical and biogeochemical processes. Frontiers in Ecology and the Environment 10:
416–424.
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.
Ellison AM, Bank MS, Clinton BD, Colburn EA, Elliott K, Ford CR,
Foster DR, Kloeppel BD, Knoepp JD, Lovett GM, Mohan J,
Orwig DA, Rodenhouse NL, Sobczak WV, Stinson KA, Stone JK,
Swan CM, Thompson J, Von Holle B, Webster JR. 2005. Loss of
foundation species: consequences for the structure and dynamics
of forested ecosystems. Frontiers in Ecology and the Environment
9: 479–486.
Ford CR, Vose JM. 2007. Tsuga canadensis (L.) Carr. mortality will
impact hydrologic processes in southern Appalachian forest ecosystems. Ecological Applications 17: 1156–1167.
Ford CR, Laseter SH, Swank WT, Vose JM. 2011. 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 hemlock mortality in the southern Appalachians.
Oikos 121: 523–536.
Green KC, Alila Y. 2012. A paradigm shift in understanding and
quantifying the effects of forest harvesting on ﬂoods in snow
environments. Water Resources Research 48: W10503.
Hewlett JD, Helvey JD. 1970. Effects of forest clear-felling on the storm
hydrograph. Water Resources Research 6: 768–782.
Hewlett JD, Hibbert AR. 1966. Factors affecting the response of small
watersheds to precipitation in humid areas. In: Proceedings of a
National Science Foundation Advanced Science Seminar, International
Symposium of Forest Hydrology, 29 Aug–10 Sep 1965, University
Park, PA. Pergamon Press: New York (website: www.coweeta.uga/
publications/851.pdf).
Hewlett JD, Nutter WL. 1970. The varying source area of streamﬂow from
upland basins. In: Proceedings of the Symposium on Interdisciplinary
Aspects of Watershed Management, 3–6 Aug 1970, Montana State

University, Bozeman, Montana (website: www.coweeta.uga/publications/848.pdf).
Hibbert AR, Cunningham GB. 1966. Streamﬂow data processing
opportunities and application. In: Proceedings of a National Science
Foundation Advanced Science Seminar, International Symposium of
Forest Hydrology, 29 Aug–10 Sep 1965, University Park, PA.
Pergamon Press: New York (website: www.coweeta.uga/publications/
841.pdf).
Hornbeck JW. 1973. Storm ﬂow from hardwood-forested and cleared
watersheds in New Hampshire. Water Resources Research 9: 346–354.
Ice GG, Stednick JD. 2004. A Century of Forest and Wildland Watershed
Lessons. Society of American Foresters: Bethesda, MD, USA.
Jencso KG, McGlynn BL, Gooseff MN, Bencala KE, Wondzell SM.
2010. Hillslope hydrologic connectivity controls riparian groundwater
turnover: implications of catchment structure for riparian buffering and
stream water sources. Water Resources Research 46: 18.
Johnson EA, Kovner JL. 1956. Effects on streamﬂow of cutting a forest
understory. Forest Science 2: 82–91.
Laseter SH, Ford CR, Vose JM, Swift Jr LW. 2012. Long-term
temperature and precipitation trends at the Coweeta Hydrologic
Laboratory, Otto, North Carolina, USA. Hydrology Research 43:
890–901.
Link TE, Unsworth M, Marks D. 2004. The dynamics of rainfall
interception by a seasonal temperate forest. Agricultural and Forest
Meteorology 124: 171–191.
Martin JG, Kloeppel BD, Schaefer TL, Kimbler DL, McNulty SG. 1998.
Aboveground biomass and nitrogen allocation of ten deciduous
southern Appalachian tree species. Canadian Journal of Forest
Research 28: 1648–1659.
McGinty DT. 1972. The ecological roles of Kalmia latifolia L. and
Rhododendron maximum L. in the hardwood forest at Coweeta. MS
thesis, University of Georgia: Athens, GA, USA.
Moore RD, DF Scott. 2005. Camp Creek revisited: streamﬂow changes
following salvage harvesting in a medium-sized, snowmelt-dominated
catchment. Canadian Water Resources Journal 30: 331–344.
Orwig D, Thompson J, Povak N, Manner M, Niebyl D. 2012. A
foundation tree at the precipice: Tsuga canadensis health after the
arrival of Adelges tsugae in central New England. Ecosphere 3:
Article 10.
Partridge DB, WE Sopper. 1973. Effects of partial forest removal on storm
hydrographs. Research Briefs 7, pp. 23–26. School of Forest Resources,
Penn. State University.
Reinhart KG. 1964. Effect of a commercial clearcutting in West
Virginia on overland ﬂow and storm runoff. Journal of Forestry
62: 167–171.
Riscassi AL, Scanlon TM. 2009. Nitrate variability in hydrological ﬂow
paths for three mid-Appalachian watersheds following large-scale
defoliation. Journal of Geophysical Research 114: G02009.
Rothacher J. 1973. Regimes of streamﬂow and their modiﬁcation by
logging. In: Proceedings of the Symposium on Forest Land Use and
Stream Environment, pp. 55–63. Oregon State University, Corvallis,
Oregon, USA.
Santee WR, Monk CD. 1981. Stem diameter and dry weight relationships
in Tsuga canadensis (L.) Carr. Bulletin of the Torrey Botanical Club
108: 320–323.
Schwarze R, Beudert B. 2009. Analyses of ﬂood generation and water
budget in a forest catchment impacted by a bark-beetle outbreak.
Hydrologie und Wasserbewirtschaftung 53: 236–239.
Stedinger JR, RM Vogel, E Foufoula-Georgiou. 1993. Frequency analysis
of extreme events. In Handbook of Hydrology, Maidment DR (ed).
McGraw-Hill: New York; 18.1–18.66.
Stednick JD. 1996. Monitoring the effects of timber harvest on annual
water yield. Journal of Hydrology 176: 79–95.
Swank WT. 1968. The inﬂuence of rainfall interception on streamﬂow. In:
Proceedings of the Hydrologic Water Resource Management Conference, 28–29 March 1968, Rep. 4. Clemson University Water Resources
Research Institute, Clemson, SC.
Swank WT, Crossley Jr DA. 1988. Introduction and site description. In
Forest Hydrology and Ecology at Coweeta. Ecological Studies, vol. 66,
Swank WT, Crossley Jr DA (ed). Springer-Verlag: New York; 3–16.
Swank WT, Waide JB, Crossley Jr DA, Todd RL. 1981. Insect defoliation
enhances nitrate ﬂux from forest ecosystems. Oecologia 51: 297–299.

Published 2014. This article is a U.S. Government work and is in the public domain in the USA.

Ecohydrol. (2014)

LOSS OF FOUNDATION SPECIES AFFECTS WATER YIELD
Swank WT, Vose JM, Elliott KJ. 2001. Long-term hydrologic and water
quality responses following commercial clearcutting of mixed hardwoods on a southern Appalachian catchment. Forest Ecology and
Management 143: 163–178.
Swift Jr LW, Cunningham GB, Douglass JE. 1988. Climate and hydrology. In
Forest Hydrology and Ecology at Coweeta. Ecological Studies, vol. 66,
Swank WT, Crossley Jr DA (ed.). Springer-Verlag: New York; 35–55.
Thomas DJ. 1996. Soil Survey of Macon County, North Carolina. USDA
Natural Resource Conservation Service, US Government Printing
Ofﬁce: Washington, DC.
Troendle CA, Wilcox MS, Bevenger GS, Porth LS. 2001. The Coon Creek water
yield augmentation project: implementation of timber harvesting technology to
increase streamﬂow. Forest Ecology and Management 143: 179–187.
Vose JM, Sun G, Ford CR, Bredemeier M, Ostsuki K, Wei A, Zhang Z,
Zang L. 2011. Forest ecohydrological research in the 21st century: what
are the critical needs? Ecohydrology 4: 146–158.

Wilm HG. 1944. Statistical control of hydrologic data from experimental watersheds. Transactions of the American Geophysical
Union 2: 618–622.
Wurzburger N, R Hendrick. 2007. Rhododendron thickets alter N cycling
and soil extracellular enzyme activities in southern Appalachian
hardwood forests. Pedobiologia 50: 563–576.
Yeakley JA, Coleman DC, Haines BL, Kloeppel BD, Meyer JL,
Swank WT, Argo BW, Deal JM, Taylor SF. 2003. Hillslope
nutrient dynamics following upland riparian vegetation disturbance. Ecosystems 6: 154–167.
Ziemer RR. 1981. Storm ﬂow response to road building and partial
cutting in small streams of northern California. Water Resources
Research 17: 907–917.
Wright KA, Sendek KH, Rice RM, Thomas RB. 1990. Logging effects on
streamﬂow: storm runoff at Casper Creek in northwestern California.
Water Resource Research 26: 1657–1667.

Published 2014. This article is a U.S. Government work and is in the public domain in the USA.

Ecohydrol. (2014)

