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In mountainous headwater catchments, downslope flow of subsurface water could
buffer downslope forest communities from soil moisture stress during drought. Here we
investigated changes in landscape-scale vegetation patterns at five forested headwater
catchments in the Coweeta Hydrologic Laboratory in the southern Appalachians.
We used a ca. 30-year Landsat Thematic Mapper (TM) image record of normalized
difference vegetation index (NDVI), spanning a period of recorded warming since
the mid-1970. We then, related spatial and temporal canopy patterns to seasonal
water balance, streamflow recession behavior, and low flow dynamics from the longterm hydrologic records. All hydrologic metrics indicated increasing evapotranspiration,
decreasing streamflow given precipitation, and potentially decreasing downslope
subsidy at the watershed scale over time, especially during low-flow periods. Contrary
to expectations, leaf area index (LAI) and basal area increased more upslope compared
to downslope over time, coincident with warming. Trends in the ratio of NDVI in upslope
and downslope topographic positions were also supported by long-term tree basal area
increment, litterfall, and sap flux data in one of the reference watersheds. Mesophytic
trees downslope appeared to respond more to frequent droughts and experience lower
growth than xerophytic trees upslope, closely mediated by the isohydric/anisohydric
continuum along hydrologic flow paths. Considering ongoing forest “mesophication”
under a history of fire suppression across the eastern United States deciduous forests,
this study suggests that mesophytic trees downslope may be more vulnerable than
xerophytic trees upslope under ongoing climate change due to an apparent dependence
on upslope water subsidy.
Keywords: forest mesophication, fire suppression, isohydricity and anisohydricity, forest hydrology, drought
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influences emergent vegetation dynamics in space and time
(Thompson et al., 2011), which can be used as a simple
diagnostic to infer underlying water balance patterns along
hydrologic flow paths (Brooks et al., 2011; Voepel et al., 2011;
Hwang et al., 2012; Hoylman et al., 2018). Furthermore, close
interactions between hydroclimate variability and vegetation
dynamics (e.g., large-scale mortality, growing season duration,
etc.) have been demonstrated by measurable shifts in seasonal
streamflow dynamics and forest water yield at the watershed scale
(Adams et al., 2012; Bearup et al., 2014; Hwang et al., 2014, 2018;
Creed et al., 2015; Kim et al., 2017, 2018). However, there have
been few studies on feedbacks between climate change, lateral
soil moisture distribution, and long-term forest canopy patterns
at the watershed scale.
Following decades of active fire suppression in the eastern
United States, fire-intolerant, mesophytic tree species (e.g., red
maple and tulip poplar) have increased in southern Appalachian
forests compared to fire-tolerant, xerophytic oak and hickory,
often called as forest “mesophication” (Nowacki and Abrams,
2008, 2015). These long-term forest mesophication trends also
have a great implication in understanding forest responses
to frequent droughts under climate change. Red maple and
tulip poplar typically exhibit as isohydric stomatal responses
to declining soil water potentials, while oaks are typically
anisohydric (Choat et al., 2012; Klein, 2014; Roman et al.,
2015; Hwang et al., 2017). Anisohydric trees allow leaf water
potential to drop as soil dries, so they maintain greater stomatal
conductance to continue gas exchange under moderate droughts
(Martínez-Vilalta et al., 2014). In contrast, trees that do not
allow leaf water potential to drop as soil dries are known as
isohydric, which close stomata to maintain a stable leaf water
potential at the expense of CO2 uptake. For this reason, forest
mesophication under fire suppression has been suggested to lead
to greater sensitivity to frequent droughts under changing climate
and reduced C sink across the eastern deciduous forests (Brzostek
et al., 2014; Roman et al., 2015). However, this argument does
not sufficiently consider changes in water balance patterns along
hillslope gradients although mesophytic trees are usually found
more at downslope topographic positions (Day et al., 1988).
Working in humid, mountainous, forest catchments, we
hypothesize that climate-vegetation-topography-hydrology
interactions will manifest in the following ways over time
with warming:

INTRODUCTION
Climate change is expected to bring warmer temperatures and
increased hydrologic extremes including more frequent droughts
and longer inter-storm periods (e.g., Seager et al., 2009; Pachauri
et al., 2014). Although warming-induced lengthening of the
growing season and increased atmospheric CO2 concentrations
have generally facilitated vegetation growth (e.g., Keeling et al.,
1996; Myneni et al., 1997; Keenan et al., 2014), enhanced
hydroclimate variability has often led to increased periods of
plant water stress (Anderegg et al., 2012), species-specific drought
responses (Clark et al., 2011; Brzostek et al., 2014), xylem
cavitation (Hoffmann et al., 2011), and subsequent widespread
tree mortality (Adams et al., 2009; Klos et al., 2009; McDowell
and Allen, 2015). For these reasons, water availability has become
more widely recognized as a key driver of ecosystem response
to climate change than before, in terms of carbon cycling (van
der Molen et al., 2011), vegetation water use (Wullschleger
and Hanson, 2006), and species distributions (Stephenson,
1990; Crimmins et al., 2011; VanDerWal et al., 2013) across
different scales.
In addition to regional climate variability, topography
provides variation in hydroclimate through topoclimate
variation, lateral soil water redistribution, and differences
in soil depth and storage. The interaction of climate and
topography supports a wide range of microclimate and soil
moisture conditions for both xeric and mesic tree species
(Dobrowski, 2011; McLaughlin et al., 2017), and promotes high
productivity and biodiversity especially in mountain forest
ecosystems (Davis and Goetz, 1990; Beckage and Clark, 2003;
Emanuel et al., 2011; Clark et al., 2014). In mountainous forested
catchments, water consumption by vegetation downslope
(green water) usually depends on water flow generation from
upslope (blue water). Hillslope-riparian-stream connectivity
by dominant subsurface hydrologic flow processes plays a
key role in runoff generation (Jencso et al., 2009; Detty and
McGuire, 2010; McGuire and McDonnell, 2010) and soil
moisture organization at the watershed scale (Western et al.,
1999; Ali and Roy, 2010). Downslope flows can mitigate the
impact of droughts in convergent topographic areas (e.g.,
Hawthorne and Miniat, 2018). Therefore, topography-mediated
soil moisture conditions provide an important control on
the patterns of forest water use (Tromp-van Meerveld and
McDonnell, 2006; Mackay et al., 2010), periodic water stress
(Vicente-Serrano et al., 2008; Ford et al., 2011), tree growth
(Clark et al., 2014; Elliott et al., 2015; Martin-Benito et al., 2015),
mortality (Berdanier and Clark, 2016; Tai et al., 2017), and
species distribution (Day et al., 1988; Crimmins et al., 2011).
It is therefore important to understand climate-vegetationtopography-hydrology interactions and feedbacks to predict
landscape-scale responses of forest ecosystems to ongoing
climate change (e.g., Hoylman et al., 2018).
Forest vegetation often adjusts leaf area amount and duration
in response to water and nutrient availability (e.g., Nemani and
Running, 1989), which is mediated by lateral hydrologic flows
along topographic gradients (Hwang et al., 2009). Hydrologic
partitioning between localized water use and drainage often
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(1) Increasing local evapotranspiration and decreasing
downslope hydrologic flow at the watershed scale,
(2) Therefore, more frequently occurring drought stress for
mesophytic trees at downslope topographic positions
mediated by isohydric/anisohydric transition, and
(3) Lower growth of vegetation downslope than upslope
due to potentially decreasing downslope subsidy from
upslope ecosystems.
To test these hypotheses, we combined several longterm data sets to examine the role of topography, lateral
hydrologic flows, and localized water use and growth at
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hardwood forests occur at the highest elevations (about 1200
m above), and are dominated by Betula alleghaniensis (yellow
birch), Tilia heterophylla (basswood), Aesculus flava (yellow
buckeye), and Acer saccharum (sugar maple) (Day et al., 1988). At
low elevations in the study site, isohydric trees (e.g., tulip poplar,
birch, and maple) are common in downslope forest community,
while trees that allow leaf water potential to drop as soil dries
(anisohydric) are more dominant in upslope community (e.g.,
oaks) (Supplementary Figure S8).
Soils are relatively uniform, described as coarse sandyloam
Inceptisols and Ultisols, typically residual with colluvial material
in the coves, and areas of deeper, more organic rich soils in
toe slope positions (Knoepp and Swank, 1998; Knoepp et al.,
2018). Although the research was conducted at five reference
watersheds (WS02, WS14, WS18, WS27, and WS36 - 3 lowand 2 high-elevation), due to limitations on data availability
and access all five watersheds were used for remote sensing
analyses; three watersheds for hydrologic analyses (WS14, WS18,
and WS27); and one watershed (WS18) for detailed analyses of
vegetation growth and sap flow (Table 1). The study watersheds
are mostly composed of second succession forests (at least 90–
110 years old). The age and stand dynamics reflect logging in
the early 1900s, chestnut blight in the 1930s that eliminated most
of the American chestnut (Vose and Elliott, 2016), and multiple
droughts in the 1980s and 2000s that caused high mortality in

forested headwater catchments in the southern Appalachian
Mountains, United States.

MATERIALS AND METHODS
Study Site
This research was conducted at the U.S. Forest Service, Coweeta
Hydrologic Laboratory in the southern Appalachian Mountains,
North Carolina, United States (Figure 1), also a part of
Long-Term Ecological Research (LTER) network. This area is
characterized by steep topography with elevation ranging from
660 to 1590 m, providing highly variable yet distinct hydroclimate
regimes within a relatively small area (about 20 km2 ). The
climate is classified as marine, humid temperate. Long-term
mean annual temperature is 12.6◦ C, and annual precipitation
increases about 5% with each 100-m elevation increase (Swift
et al., 1988); 1870 mm at 685 m elevation to 2500 mm at
1430 m. Precipitation is relatively evenly distributed throughout
the year, characterized by small, low-intensity rainfall events
with less-than 2% falling as snow (Laseter et al., 2012), but also
subject to periodic tropical storms in late summer and fall. The
dominant canopy tree species are Quercus spp. (oaks), Carya
spp. (hickory), Nyssa sylvatica (black gum), Acer rubrum (red
maple), and Liriodendron tulipifera (yellow poplar). Northern

FIGURE 1 | (a) Five reference headwater catchments (WS02, WS14, WS18, WS27, and WS36) in the study site (Coweeta Hydrologic Lab., North Carolina,
United States). Green and blue-colored regions represent the pixels classified as upslope and downslope at a 30-m Landsat scale at each catchment, based on the
distribution of upslope contributing area (UCA). Detailed UCA maps were generated from the original LiDAR (6.1-m scale) for (b) WS18 and (c) WS27, calculated
from a D-infinity method (Tarboton, 1997). Three 80 by 80 m gradient plots (SITE 118, 218, 318) are located in WS18. Detailed explanations of the gradient plots are
available in Supplementary Table S1.
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were calculated during the peak growing-season period (June–
August) annually from all available daily precipitation and
streamflow data (Table 1). Note that the ET estimates implicitly
include seasonal storage changes, and thus effectively represent
dryness of watershed systems (Hwang et al., 2018).
We also performed a recession slope analysis from the longterm daily streamflow to characterize the recession behavior
of hydrographs (Brutsaert and Nieber, 1977). The observed
recession slopes (−dQ/dt) were plotted with the daily stream
discharge (Q) using a power function (Supplementary Figure S2)
as follows:
dQ
−
= aQb
dt

red oak group at middle elevations (Clinton et al., 2003). Longterm Forest Inventory and Analysis data showed consistent forest
mesophication trends since 1930s with increasing the basal area
compositions of maples and tulip poplar while decreasing oaks,
across the unmanaged forests in the study site (Elliott and Vose,
2011) and at the two of study watersheds (WS14 and WS18)
(Caldwell et al., 2016).

Long-Term Climate and Hydrologic
Records
We used the long-term climate records at the base (CS01; RG06)
and high-elevation (RG31) climate stations (Supplementary
Figure S1) in the study site (Miniat et al., 2017). We used
universal kriging with an elevation trend from seven rain
gauges from 1991 to 1995 developing a long-term isohyet
to scale daily precipitation over the terrain (Hwang et al.,
2012). Three water balance based metrics were calculated from
observed daily precipitation (P) and stream discharge (Q) records
at three reference headwater catchments (WS14, WS18, and
WS27; Figure 1) (Miniat et al., 2016): (1) evapotranspiration
(ET estimated as P − Q), (2) runoff ratio (RR; Q/P), and
(3) Horton index (HI; ET/W), which represents the ratio of
evapotranspiration (ET) to catchment wetting (W) (Troch et al.,
2009). Note that relatively wet condition of the study site without
permanent snowpack actually minimizes the effect of dormantseason precipitation in these mass balanced based approach
based on the vegetation year (see Figure 2 in Hwang et al.,
2014). Catchment wetting (W; P − S) is the precipitation
retained in the catchment and potentially available to vegetation,
calculated by removing quick flow component (stormflow,
S) from precipitation. HI has been suggested to remove the
precipitation variation and better represent water available for
vegetation use at the catchment scale (Brooks et al., 2011;
Voepel et al., 2011). We used the Web-based Hydrograph
Analysis Tool (Lim et al., 2005) to separate base flow from
daily streamflow records using the two-parameter digital filtering
method (Eckhardt, 2005). The three hydrologic metrics above

These two recession parameters (a and b) represent the
steepness and non-linearity of the recession curve, reflecting
hydraulic properties and connectivity of draining aquifers (Rupp
and Selker, 2006b). We applied the recession slope analyses for
days of decreasing flows without precipitation during the peak
growing season. We also applied the recession analyses with 3year moving windows to ensure a sufficient number of recession
periods for the analyses. In this study, the “scaled-dt” recession
slope analysis was used, which allows time intervals (dt) adjusted
based on -dQ values (Rupp and Selker, 2006a). To characterize
low flow regimes, we also employed the widely-used low-flow
index, n-day m-year low flow (n Qm ), defined as the lowest average
flows that occur for a consecutive n-day period at the recurrence
interval of m years (Smakhtin, 2001). We performed both MannKendall and Spearman’s rho tests with the null hypothesis of
trend absence in all time-series data. We also adjusted the
sample sizes when we found significant first-order positive
autocorrelation (p < 0.05), based on Dawdy and Matalas (1964).

Landsat Thematic Mapper (TM) Dataset
To estimate long-term vegetation patterns at the watershed scale,
we analyzed fifty-seven cloud-free summer Landsat Thematic
Mapper (TM) images (June–August) at the five reference
headwater catchments (WS02, WS14, WS18, WS27, and WS36;

TABLE 1 | Summary of five study headwater catchments and datasets used in this study.
Watershed ID

WS02

WS14

WS18

WS27

WS36

Area (ha)

13.1

62.4

12.3

39.8

48.7

Elevation (m)

856

878

823

1256

1289

Slope (degree)

27.2

25.7

28.1

28.5

30.5

S

NW

NW

NE

SE

129.0

90.9

141.4

146.4

189.3

Oak-hickory mixed

Oak-hickory mixed

Oak-hickory mixed

Northern hardwoods

Northern hardwoods

Daily streamflow

NA

1937–2014

1947–2014

1972–2014

NA

Daily soil moisture*

NA

NA

1999–2014

1999–2014

NA

Daily canopy conductance*

NA

NA

2004–2006

NA

NA

Tree basal area (2-year interval)*

NA

NA

1998–2014

1998–2014

NA

Annual litterfall*

NA

NA

1992–2013

1992–2013

NA

Topographic characteristics

Aspect
Mean downslope flowpath length (m)
Forest types
Datasets

*Measured at three 80 m-by-80 m gradient plots were established in WS18 (SITE 118, 218, and 318; Figure 1 and Supplementary Figure S3).
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NDVI values at each watershed to effectively cancel out most
of the remnant atmospheric effects assuming that atmospheric
conditions between downslope and upslope within a catchment
are not different. We calculated the ratio of normalized difference
vegetation index (NDVI) between each catchment’s downslope
and upslope components (NDVIdownslope /NDVIupslope ) to
characterize the vegetation patterns along the hydrologic flow
paths as ratio values are less sensitive to inter-image differences
in atmospheric corrections.

Figure 1 and Table 1) between 1984 and 2011. Landsat TM,
initially launched in 1984, provides a nearly three-decade
multispectral image record, and was used to estimate changes in
landscape vegetation pattern at a 30 m resolution. All images were
standard level-1, terrain-corrected (L1T) products and checked
manually for cloud contamination due to frequent rain events in
the study site. A modified dark object subtraction (DOS) method
with the effect of Rayleigh scattering was applied to correct
atmospheric effects on surface reflectance (Song et al., 2001).
Normalized Difference Vegetation Index (NDVI) was calculated
as follows:
RNIR − RRED
NDVI =
RNIR + RRED

Long-Term Tree Basal Area and Leaf
Litter Data
Long-term soil water content is a core dataset in the Coweeta
Long-Term Ecological Research (LTER) program (Data ID 1046),
measured in three 80-by-80 m gradient plots established along an
elevation gradient in 1991. These plots are classified as upslope
(SITE 118), midslope (SITE 318), and downslope (SITE 218)
based on the topography in the field (Figure 1). Volumetric
soil moisture was continuously measured every 15 min at two
locations and two depths (0–30 cm and 30–60 cm) in these plots
by time domain reflectometer (TDR) probes (CS615; Campbell
Scientific, Logan, UT, United States) (Coweeta LTER Data ID
1023). The 60-cm depth of measurements is slightly less than
the measured rooting depth in the study site (Hales et al., 2009).
The cumulative distributions of long-term observed volumetric
water content are consistent with classification of these plots as
up-, down-, and midslope, as they show clear differences in soil
moisture dynamics at shallow soils (0–60 cm) (Supplementary
Figure S7). Note that SITE 318 (midslope) is generally classified
as an upslope topographic position in the remote sensing analyses
above (see Figure 1).
There are clear transitions in vegetation community types
along these gradient plots, mixed oak/pine upslope, mixed
oak/hickory at midslope, and cove hardwood species downslope
(Supplementary Table S1 and Figure S8), which represent three
typical forest community types at low- to mid-elevation ranges in
the study site (Day et al., 1988; Bolstad et al., 1998). At these three
gradient plots, tree census was performed approximately every
2 years since 1991 in smaller sub-plots (40 by 20 m). A whole tree
census within the plots has been conducted since 1998. Diameter
at breast height (DBH) of all trees (over 2 m height), and all new
and dead trees were recorded at each census, although shrubs
species (e.g., Rhododendron maximum) were excluded. Annual
basal area increment rates were calculated for all measured trees,
and aggregated into the plot scale only for live trees. To compare
with the catchment-scale vegetation metrics above, the ratio of
downslope to upslope total basal area was computed for each
census measurement.
Leaf litter was collected from ten 0.92-m by 0.92-m leaf
collectors in each gradient plot since 1992 (Sites 118, 218, and
318; n = 30 total). Collectors were located near the middle of
each plot along two 40 m transects that follow the contour of the
slope. Litter was collected on a quarterly basis and monthly in the
autumn. Leaf litter was oven dried at 65◦ C until a constant mass
was obtained, and then weighed to the nearest 0.01 g. Annual
litterfall was estimated as the sum of dried leaf litter from ten

where RNIR and RRED are near-infrared (NIR) and red band
reflectance. NDVI values tend to be non-linearly correlated with
leaf area index values (Nemani et al., 1993; Chen and Cihlar,
1996), also observed in the study site (see Figure 4 in Hwang
et al., 2009). NDVI is closely correlated to various vegetation
biophysical parameters (e.g., leaf area, aboveground biomass,
etc.) across different ecosystems (Tucker, 1979; Asrar et al., 1984;
Sellers, 1985), and effectively removes much of the multiplicative
noise by illumination differences and topographic variation in
complex terrain (Huete et al., 2002). Although NDVI is not a
direct measure of ecosystem water use or carbon uptake, it is
linearly related to the fraction of absorbed photosynthetically
active radiation, and thus the energy input into the system (e.g.,
Song et al., 2015).

Characterization of Watershed-Scale
Vegetation Dynamics
We used the NDVI data to estimate long-term vegetation
dynamics at all reference (i.e., not harvested or manipulated since
the 1920s) headwater catchments in the study site, located at
different combinations of aspect and elevation (Figure 1 and
Table 1). We first calculated mean values of NDVI separately
at upslope and downslope positions of each study watershed.
Upslope and downslope positions were determined based on
upslope contributing area (UCA) (Erskine et al., 2006). We
calculated UCA from 6.1-m (20 ft) LiDAR elevation data with
a D-infinity method (Whitebox Geospatial Analysis Tools)1 ,
allowing flow to be proportioned between two downslope pixels
to the steepest topographic gradient under the assumption of
the same hydraulic gradient (Tarboton, 1997). This UCA map
was later aggregated to 30-m Landsat resolution, and the 75th
percentile of the UCA distribution was applied to classify upslope
and downslope pixels for each watershed (Figure 1).
Although the objective of atmospheric correction is to
align multi-temporal images on the same radiometric scale,
it is almost impossible to consider the full vertical profiles of
atmospheric transmissivity in the study site as scene-based
atmospheric correction cannot consider small-scale topoclimate
variations in rugged terrain, often featured by mountain fogs and
aerosol conditions (Song et al., 2001). Therefore, another spatial
normalization was performed between upslope and downslope
1

http://www.geomorphometry.org/
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time (Figure 2), however, inter-annual and seasonal variability
has been increasing, featured by more frequent and severe
growing season droughts (Figure 2). Coincident with the start of
increasing air temperature trends, the year 1973 was henceforth
used as a starting point for time-series analyses of growing-season
hydrologic metrics from the long-term streamflow records.
Temperature patterns were paralleled by long-term trends
in three hydrologic metrics during the growing season. ET
and HI increased over time, while RR decreased (Figure 3).
In general, the temporal trends were more pronounced at the
two low-elevation catchments (WS18 and WS14; p < 0.05)
than at the high-elevation catchment (WS27), while the
direction of the trends remained the same. Note that the
similar temporal patterns were also reported in other two
catchments (WS02 and WS36) (Figure 3 in Caldwell et al.,
2016). The observed recession slopes (-dQ/dt) given the
discharge (Q) also got steepened and became more linear
over the same period, featured by significant trends in two
recession parameters (a and b; Supplementary Figure S4) for
the two low-elevation catchments. Like the three hydrologic
metrics above (Figure 3), these trends were significant in
the two-low elevation catchments (p < 0.05), while trends
were the same across all catchments. This indicates that,
over time, these watersheds had a more linear storagedischarge relationship during low flow periods. Coinciding
with the recent increases in temperatures, there are also
lower and more frequent 10-day average low flow periods
(Supplementary Figure S5). The level of low flow dynamics
was log-linearly correlated with observed root zone soil
moisture (0–60 cm) patterns in the two reference catchments
(WS18 and WS27; Supplementary Figure S6). All these longterm hydrologic metrics are generally following the longterm temperature trends, slight cooling until early 1970s and
warming afterward.

collectors during April to March. Litter mass was converted to
leaf area index (LAI; m2 m−2 ) using specific leaf area (SLA;
m2 kg−1 ) values at each plot. Mean plot SLA values were from
the weighted SLA values with species basal area information at
each site (Supplementary Table S2). We calculated the mean
litterfall and leaf area values at plot (n = 10) and watershed scales
(n = 30), as well as the litterfall change rates at each collector using
a simple linear regression (Supplementary Figure S9). Lastly,
the ratios of leaf area downslope to upslope and watershedscale standard deviations were computed each year to compare
with the catchment-scale vegetation metrics above. More details
on plot establishment, basal area, and litterfall sampling can be
found in Knoepp et al. (2018).

Canopy Conductance Data From Sap
Flux Measurements
To examine soil moisture control on stomatal dynamics at
different topographic positions between dry and wet years, we
reanalyzed the published data of Ford et al. (2011) in the
context of soil moisture deficit (Supplementary Figure S3).
Canopy conductance (Gc , mmol H2 O m−2 s−1 ) of 30 hardwood
trees was estimated from sap flux measurements for four
dominant hardwood species, including Liriodendron tulipifera
(tulip poplar), Carya spp. (hickory), Q. montata (chestnut oak),
and Q. rubra (northern red oak), over 3 years (2004–2006)
(Supplementary Figure S3). These trees were located adjacent to
the midslope (SITE 318; n = 15 trees) and downslope (SITE 218;
n = 15 trees) plots within WS18. More details of field methods and
post-processing are available in Ford et al. (2011) and Hawthorne
and Miniat (2018).
We classified the 3 years into normal (2004), wet (2005),
and dry (2006) years, based on total precipitation amount and
its seasonal patterns (Supplementary Figure S3) and observed
soil moisture ranges between days of year (DOY) 130 and
280 (Supplementary Figure S7). We converted volumetric soil
moisture (SM) to a normalized soil moisture deficit (SMD;
dimensionless) each year based on max and min ranges to align
relative values seasonally.

Vegetation Patterns Between Upslope
and Downslope
Average NDVI values at the upslope, downslope, and catchment
scales did not show any significant trends over time (not
shown here), even after the scene-based atmospheric correction.
This might be due to the difficulty of atmospheric corrections
in complex terrain, or saturation of NDVI at higher LAI
in the study site (Myneni et al., 2002). The study site
is featured by frequent fogs and localized mists, which
could make atmospheric correction difficult. However, the
NDVI ratio of down- to upslope topographic positions
decreased over time for all catchments, approaching unity
over the study period (Figure 4A). The standard deviation of
NDVI decreased over time at three low-elevation catchments
(WS02, WS14, and WS18; Figure 4B). These patterns were
generally more pronounced in the low-elevation catchments,
compared with the high-elevation catchments (WS27 and
WS36) (Figure 1).
These remotely-sensed canopy patterns at the watershed scale
generally coincided with the long-term plot measurements in
WS18. Leaf area index (LAI) significantly increased over time

SMmax − SM
SMD =
SMmax − SMmin
We regressed the mean daytime Gc values with SMD
separately at the mid- and downslope positions each year.

RESULTS
Long-Term Climate and Hydrology
Long-term temperature data showed that this study site has
experienced increases both in mean annual and growing-season
air temperature since the mid-1970s (Figure 2; p < 0.005).
Since 1977 and 1973, mean annual and growing-season
temperatures have been increasing at rates of 0.42 and 0.48◦ C
per decade, respectively. Prior to the increases, slight cooling
trends dominated for both series since early 1940s. Total
annual and growing-season precipitation had no trend over
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FIGURE 2 | Upper panel: observed mean annual (A) and growing-season (B) temperatures at the base climate station (CS01) in the study site, calculated from
mean daily temperature data. Growing season is defined as a period from June to August. Dashed lines correspond to a piecewise regression model, where vertical
lines represent the break points. Bottom panel: annual (blue bars) and growing-season (green) precipitation and pan evaporation (reverse y-axis; red bars) at the
base climate station (RG06; 685 m) in the study site. ***p < 0.005.

(p < 0.005). Note that higher interannual variations of litterfallbased metrics were from wind conditions, and we removed 2003
data from the original data because the large wind blowouts
were reported.

only at the upslope topographic position since the early 1990s
(Figure 5A; p < 0.01), with a general convergence in LAI
among slope positions toward the end of the measurement
period. Live tree basal area at the plot scale also generally
increased over time in the up- and midslope positions, relative
to downslope (Figure 5B); therefore, basal area increment
rates monotonically decreased from upslope to downslope
topographic positions (Figure 6A). Interestingly, inter-annual
variation in basal area increment rates increased from up- to
downslope plots (Figure 6A). Litterfall also increased over time
more in the upslope than in midslope and downslope plots
(Figure 6B and Supplementary Figure S9). Species-level basal
area data showed that these divergent growth patterns between
upslope and downslope have largely been driven by greater
growth of oak and pine trees upslope/midslope and lesser growth
of maple and birch trees downslope (Figure 5C). As a result, the
down- to upslope ratios of leaf and basal areas also decreased
(Figure 6C; p < 0.05 and p < 0.005, respectively), as well
as the standard deviations of leaf area within the catchment
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Canopy Conductance
Soil moisture deficit (SMD) affected daytime Gc (Figure 7),
but varied among species and between years and sites.
As reported in Ford et al. (2011) and in Hawthorne
and Miniat (2018), daytime Gc of more mesophytic tree
species (e.g., tulip poplar) was far greater than that of
more xerophytic trees (e.g., oaks) consistently across
the sites and years (Figure 7). This indicates that the
mesophytic trees downslope use much more water for
daytime evapotranspiration than the xerophytic trees upslope
(Supplementary Figure S3), also featured by greater daily
soil moisture amplitudes from soil TDR measurements
(Hawthorne and Miniat, 2018). However, shallow soils remained
consistently wetter downslope than upslope even in dry years
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DISCUSSION AND CONCLUSION
In this study, we first show that the evapotranspiration has
increased, and streamflow yield given precipitation has decreased
in the three reference catchments during the growing season
using mass balance-based hydrologic metrics (ET, RR and HI;
Figure 3). Significance levels were greater for the two normalized
hydrologic metrics, RR and HI, than ET, suggesting that these two
metrics may better capture vegetation water use patterns with
normalizing precipitation variability. These long-term trends
in three hydrologic metrics effectively represent increasing
localized forest water use and decreasing runoff generation
given precipitation over the period. Second, we show that
hydrograph declines are becoming steeper and more linear over
time through empirical recession slope analyses (Supplementary
Figure S4). The late recession behavior is mostly contributed by
slow response units of the catchment (mostly upslope portions
with longer flow path) (Woods and Sivapalan, 1997; Li and
Sivapalan, 2011), and shallow subsurface flow is a main source
of sustained base flow in the study site (Hewlett and Hibbert,
1963). Therefore, steeper declines and more linear responses
in hydrograph recession suggest that the upslope regions are
potentially less hydrologically connected to streams over time
(Harman et al., 2009; McGuire and McDonnell, 2010; Hwang
et al., 2012). Third, low streamflow dynamics also showed more
frequent and prolonged drought periods during the growing
season over time, which closely corresponded with root zone
soil moisture patterns in the study watersheds. This suggests
that despite relatively high annual precipitation (ca. 1,800 mm
at low elevations), the study watersheds are moving toward
seasonally-drier conditions with greater canopy water use, lower
runoff production given precipitation, and potentially lower
downslope subsidy.
More frequent and prolonged dry periods could be
also partially explained by the increased seasonal and
interannual precipitation variability over time. This site has
been characterized by an increasing length of inter-storm periods
and total rainfall amounts per storm over the period of warming
(Laseter et al., 2012; Burt et al., 2018). However, changing
precipitation patterns cannot fully explain the increasing ET
signals in that more frequent and less intense rainfall usually
provides optimal conditions for vegetation water use (both
transpiration and interception), and our site is experiencing
the opposite. In addition, stormflow dynamics in the study
watersheds are characterized by threshold behavior that is
a combined function of antecedent soil moisture and storm
precipitation (Scaife and Band, 2017); therefore, greater rainfall
amounts per storm could lead to higher streamflow generation
by subsurface stormflow. Furthermore, pan evaporation has
not increased in the study site with warming (Figure 2C),
thus atmospheric forcing cannot explain the increasing ET
trends in hydrologic records (Roderick and Farquhar, 2002).
Therefore, increasing ET signals may be better explained
by vegetation responses to changing climate and ongoing
forest mesophication (Creed et al., 2014; Caldwell et al., 2016;
Hwang et al., 2018; Kim et al., 2018) rather than directly driven
by climate forcing variables.

FIGURE 3 | Long-term patterns of growing season (A) evapotranspiration
(P–Q), (B) runoff ratio (Q/P), and (C) Horton index [(P–Q)/(P–S)] at three
headwater catchments in the study site (WS14 – green, WS18 – red, and
WS27 – blue). Peak growing season is defined as the period from June
through September at two low elevation catchments (WS14 and WS18), but
from June through August for a high elevation catchment (WS27). These linear
fits were analyzed from 1973, which break point was estimated from the
long-term growing season temperature trend (Figure 2). The significance
levels were determined from linear regressions while the similar significances
were found in Spearman’s rho tests with the null hypothesis of trend absence.
P: precipitation, Q: runoff, and S: storm runoff. ***p < 0.005, **p < 0.01, and
*p < 0.05.

(Supplementary Figure S7) due to higher nighttime recharge
(Hawthorne and Miniat, 2018).
The sensitivity of Gc to SMD was greater in normal and
dry years (2004 and 2006), compared to a wet year (2005).
Interestingly, mesophytic tree species downslope showed greater
sensitivity to SMD than xerophytic tree species upslope despite
the downslope site having a consistently higher water content
than midslope. Gc responded to SMD only at the downslope
plot in a normal year (2004) (Figure 7A), while this effect was
observed at both downslope and midslope in a dry year (2006). In
addition, tulip poplar and hickory showed greater declines in Gc
with increasing SMD than oak species (mostly p < 0.005), which
indicates typical isohydric behavior.
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FIGURE 4 | (A) Time-series of the ratios of Normalized Difference Vegetation Index (NDVI) downslope to upslope (NDVIdown /NDVIup ), and (B) their standard
deviations at a watershed scale. NDVI values were from Landsat Thematic Mapper (TM) images from 1984 to 2011 at five preserved headwater catchments (WS02 black, WS14 - blue, WS18 - green, WS27 - cyan, and WS36 - red) in the study site (Coweeta Hydrologic Lab, North Carolina, United States). Each watershed was
divided into upslope (75%) and downslope (25%) regions at the same resolution with Landsat TM based on the distribution of upslope contributing area (see
Figure 1). The detailed site information is available in Table 1. ***p < 0.005, **p < 0.01, and *p < 0.05.

FIGURE 5 | (A) Time series of leaf are index (LAI; m2 m−2 ) values (n = 10 each) and (B) total basal area (BA) (m2 ha−1 ) of all live trees from three gradient plots
(upslope - SITE 118, midslope - SITE 318, and downslope - SITE 218; 80-by-80 m size) in the study site (WS18), and (C) total basal area change rates (m2 ha−1
y−1 ) of live trees. LAI values were calculated from total dried litter weight (Supplementary Figure S9) and site averaged specific leaf area values (Supplementary
Table S2). Dry litter fall weights have been measured from 10 litter baskets at each plot every year since 1992 (except for 1993 and 1997). Total basal area has been
measured since 1998 with roughly 2-year intervals (except for 2000). Scientific names are available in Supplementary Table S2. **p < 0.01.
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FIGURE 6 | (A) Total basal area (BA) increment rates per year (m2 ha−1 y−1 ) from 1998 to 2014, and (B) Boxplots of litterfall increment rates (g m−2 y−1 ; n = 10
each; Supplementary Figure S9) at three 80-by-80 m gradient plots (upslope - red, midslope - green, and downslope - blue) in the watershed 18 (1992 to 2013)
(Supplementary Table S1). Circles are mean values, while black crosses are outliers. (C) Ratios of downslope to upslope in total BA (green and red) and leaf area
index (LAI – blank) values, and their standard deviations (gray). Basal area ratio values with red color were calculated from the 40-by-20 m subplots since 1992.
Litterfall was collected from ten baskets at each plot, dried, weighted, and converted to LAI using site-averaged specific leaf area values and basal area information
(Supplementary Table S2). Different letters (A–C) denote significant differences in the group means using an analysis of variance (ANOVA) test (p < 0.01). Note that
error bars in the BA change rates represent interannual variability at the plot scale, while boxplots for litterfall and error bars of LAI values are from the ten sample
plots at each landscape position. ***p < 0.005, **p < 0.01, and *p < 0.05.

FIGURE 7 | Mean daytime canopy conductance (Gc , mmol H2 O m−2 s−1 , left axis; Supplementary Figure S3) for trees in downslope (218: upper panel) and
mid-slope (318: upper panel) plots in WS18 (85-year old low-elevation reference watershed) during (A) 2004 (normal year), (B) 2005 (wet year), and (c) 2006 (dry
year) growing season. Soil moisture was measured at two locations and two depths (0–30 and 30–60 cm) in each plot on site (Supplementary Figure S7), used to
calculate soil moisture deficit (SMD) each year [(SMmax –SM)/(SMmax –SMmin )]. Different species denoted with different colored symbols and lines: Liriodendron
tulipifera (LITU), blue; Carya spp. (CASP), red; Quercus prinus (QUPR), gray; Q. rubra (QURU), green. For details, see Ford et al. (2011). ***p < 0.005, **p < 0.01,
and *p < 0.05.

Leaf area patterns have been homogenized along hydrologic
flow paths over time (approaching the unity) in all the study
catchments, as shown in the long-term remote sensing (Figure 4)
and supported by long-term field data in one catchment
(Figure 5). Although the ratios of NDVI values decreased <1%
over time, there are two main reasons why these signals are not
trivial. First, the NDVI metrics from Landsat imagery were from
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aggregated greenness signals at a 30-m resolution (Hwang et al.,
2011a), which may provide inaccurate representations both in
topographic and vegetation classifications between upslope and
downslope positions (Figure 1). Second, the percent changes in
NDVI values should be interpreted as greater changes in LAI
values due to the non-linear relationship between NDVI and LAI
values in the study site (see Figure 4 in Hwang et al., 2009).
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were relatively insensitive to drying. This may allow trees in the
upslope plots to take advantage of warmer springs with earlier
greenup (Hwang et al., 2018; Kim et al., 2018; Oishi et al., 2018)
and increasing atmospheric CO2 concentrations. Although CO2
fertilization can decrease transpiration by improving water use
efficiency especially during dry periods (Warren et al., 2011),
we did not see any decreasing vegetation water use signals from
the long-term hydrologic records (Figure 3). Similar increasing
trends of ET were also recently reported at other undisturbed
forested watersheds in the southern Appalachians (Hwang et al.,
2018). This suggests that the potential CO2 -driven reduction
in transpiration might be outweighed by other factors, such as
lengthened growing season (Hwang et al., 2011b, 2014) and
greater vegetation growth by CO2 fertilization (Figure 5; Frank
et al., 2015; Ward et al., 2018).
However, with increasing ET upslope and frequent droughts,
water subsidies to downslope vegetation would decline over
time as indicated in the long-term hydrologic records (Figure 3
and Supplementary Figures S4, S5). Mesophytic, isohydric trees
downslope appeared to respond more to increased hydroclimate
variability due to their dependence on downslope flows and
subsidy (Figure 8). A recent tree-ring study in the study site
showed that downslope tree species were more sensitive to
hydroclimate variability than trees upslope with larger interannual variation (Elliott et al., 2015). They demonstrated that
radial growth of oaks was greater than maple, birch and
tulip poplar on upslope sites in dry years, while the latter
species had higher basal increments than oaks on downslope
sites in wet years. This pattern has also been confirmed
across the eastern deciduous forests using Forest Inventory
and Analysis data (Brzostek et al., 2014). This suggests that
the isohydric/anisohydric continuum along hillslope gradients
will play an important role in forest ecosystem responses
to climate change, which would be closely mediated by
changes in partitioning between localized water use and lateral
hydrologic flows.
The divergent responses of vegetation to soil moisture deficit
are not likely attributed to differences in vertical root structures
between up- and downslope communities. In this study, we
found that trees downslope showed a greater response to mild
drought than those upslope, even within the same tree species in
a normal year (Figure 7). Recent studies in the study site reported
rooting depth and vertical distribution from 27 soil pits across
different topographic positions and vegetation types (Hales et al.,
2009; Hwang et al., 2015; Hales and Miniat, 2017). They found
that roots were distributed deeper and more evenly in wet,
hollow (areas of convergent topography) locations, compared to
drier, nose (divergent topography) landscape positions. However,
maximum rooting depth (around 1 m), total root biomass, and
root frequency did not vary systematically between dry/nose
and wet/hollow topographic positions and among different tree
species. They did report observing distinct tap root structures
around the depth of saprolite at several nose pits. Although
many studies reported that deep tap roots play an important
role in vegetation water use via hydraulic lift during dry periods
(Nepstad et al., 1994; Canadell et al., 1996; Caldwell et al., 1998;
Siqueira et al., 2008), the study by Hawthorne and Miniat (2018)
reported greater overnight recharge in soil moisture at downslope

Our field-based basal area increment and leaf area index data
also showed that the vegetation upslope has grown more than
downslope vegetation at least 20% in the similar ratio metrics
in the basal area and LAI datasets (Figure 6C), as well as the
standard deviations. The homogenization patterns were also
more statistically significant at the drier low elevation catchments
(WS02, WS14, and WS18; Figure 4) where we also had more
significant seasonal drying signals in streamflow dynamics
(Figure 3), compared to the wetter high elevation catchments
(WS27 and WS36). WS27 might show slightly different patterns
both in the NDVI ratios and standard deviations (Figure 4)
possibly due to the damage by an ice storm in 2006 at high
elevations (>1200 m), reflected in long-term basal area and
litterfall data (not shown here).
The xerophytic trees upslope showed greater and more
consistent growth over time, while mesophytic trees downslope
showed lower growth with larger inter-annual variation
(Figure 6). The canopy conductance of the trees downslope also
showed greater declines and sensitivity to relative soil moisture
deficit than the trees upslope (Figure 7). In other words,
mesophytic trees downslope behaved more isohydrically, while
xerophytic trees upslope showed typical anisohydric behavior
under the moderate drought condition. Although shallow soils
remained consistently wetter downslope than upslope, even in
dry years (Supplementary Figure S7), vegetation downslope
was more responsive to mild drought stress than upslope. This
suggests that trees downslope may be experiencing more frequent
drought stress and subsequent lower growth due to combined
effect of frequent droughts, more water use by vegetation
upslope, and potentially lower downslope subsidy over time.
A recent study also showed the strong dependency of
vegetation downslope on upslope water subsidy in the study
site. Hawthorne and Miniat (2018) showed that despite greater
transpiration, there was greater overnight recharge of soil
moisture in the downslope plot, driven by downslope flow
or hydraulic redistribution. This may indicate the strong
dependency of vegetation downslope on upslope water subsidy
through lateral hydrologic redistribution, shown to have been
potentially decreasing over time in long-term hydrologic records
above. This also suggests that emergent decreases in hydrologic
subsidy to downslope areas over time might be driven by both
changing precipitation patterns, forest mesophication (more
mesophytic trees), and subsequent increased ET mostly by upand midslope tree communities, which occupy major portions
of watershed landscapes (Day et al., 1988). Recently, Caldwell
et al. (2016) also attributed declining water yield to a shift toward
mesophytic dominance in the study site that uses more water than
xerophytic oak species (Figure 7).
The divergent growth responses of trees between up- and
downslope may be explained by stomatal responses to mild
drought stress across the forest landscape (Meinzer et al.,
2016). A recent study in the study site also demonstrated that
anisohydric oaks in the upslope plot could maintain relatively
high transpiration rates in the spring until presumably hydraulic
adjustments (embolism) were incurred following the first major
dry period (Hawthorne and Miniat, 2018). Meinzer et al. (2013)
also showed that water use by maple and poplar trees was twice
as sensitive to soil drying compared to oak species, while oaks
Frontiers in Forests and Global Change | www.frontiersin.org
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microrefugia where local environment conditions may be
decoupled from regional climate conditions (e.g., Dobrowski
et al., 2009). While this argument has been mostly driven by
topographic effects on temperature regimes, such as adiabatic
lapse rates with elevation (e.g., Dobrowski et al., 2009; Gollan
et al., 2014) and cold air drainage to valley bottoms (Novick
et al., 2016), few studies related the changes in topographymediated water balance patterns with vegetation responses
to climate change (but see Crimmins et al., 2011). With
an increase in upslope water use and subsequent decreases
in hydrologic downslope subsidy, the effect of increased
hydroclimate variability with warming should be amplified in
downslope topographic positions, where mesophytic trees have
already acclimated to greater soil moisture availability through
physiological and rooting strategies. Considering ongoing forest
“mesophication” under a history of fire suppression across the
eastern United States deciduous forests, this study suggests that
mesophytic trees downslope may be more vulnerable in terms of
growth reduction and enhanced mortality due to the combined
effect of frequent droughts and decreased lateral hydrologic flows
under changing climate.

FIGURE 8 | Conceptual models for hydrologic partitioning between localized
water use and lateral hydrologic flows between vegetation in up- and
downslope positions at the watershed scale. Vegetation water use downslope
(green water) partially depends on upslope subsidy (blue water). Therefore,
small increases in water use by upland xerophytic species with lengthened
growing season and subsequent greater growth would be amplified in
downslope topographic positions, where mesophytic tree species has already
acclimated to greater soil moisture availability. Note that potential decreases in
upslope subsidy may be also driven by more frequent and prolonged drought
periods with warming. Green and blue arrows represent evapotranspiration
and lateral hydrologic flows, respectively.

CONCLUSION
In this study, we combined long-term streamflow, remote
sensing, soil moisture, tree basal area, litterfall, and sap
flux datasets to explain long-term changes in vegetation
patterns at the hillslope to watershed scales. We showed
increasing evapotranspiration, decreasing streamflow yield given
precipitation, and potential decreasing upslope subsidy to
downslope topographic positions over the period of warming.
This led to emergent homogenization of canopy density (leaf
area) patterns along the hydrologic flow paths, supported
by both long-term remote sensing and field observations.
Xerophyric trees upslope showed greater growth over time
compared to mesophytic trees downslope, closely mediated by
the isohydric/anisohydric continuum along the hydrologic flow
paths. This study also suggests that the changes in hydrologic
partitioning between localized water use (green water) and lateral
hydrologic flows (blue water) mediates the divergent responses
of vegetation between upslope and downslope topographic
positions. We speculate that with forest growth and more
frequent droughts, they may become more hydrologically
disconnected and increase the ratio of ET to Q, and as a result
downslope mesophytic trees become more susceptible to frequent
drought due to their strong dependency of green water use on
blue water generation upslope. Our findings highlight the need
to understand the underlying hydrologic balance along hillslope
gradients to predict how forested mountain ecosystems may
respond to climate change, possibly reinforced by ongoing forest
mesophication under active fire suppression.

rather than at upslope plots. This suggests that stomatal behavior
and seasonally high local water use, rather than differences in
rooting distributions, may be responsible for greater upslope
growth and LAI over time compared to downslope vegetation.
Our study is in contrast with results from drier and colder
ecosystems (e.g., Anning et al., 2013). Bunn et al. (2005) showed
that tree ring growth patterns of Pinus balfouriana in the
Sierra Nevada Mountains showed stronger correlations with
temperature at wet and high convergence areas (downslope),
while they correlated more with precipitation at dry and low
convergence areas (upslope). Adams et al. (2014) also reported
that tree ring growth of P. contorta and P. ponderosa at
wet downslope areas showed decoupled responses to regional
temperature and precipitation patterns, contrary to trees at
dry upslope areas. In the western United States, vegetation
water use can be usually decoupled from dominant lateral
hydrologic flows during the growing season (Brooks et al., 2010)
due to a seasonally dry climate (Tague et al., 2008; Tague,
2009). These abiotic factors would lead to less tight coupling
between vegetation dynamics and watershed-scale hydrological
behavior especially in dry regions (Adams et al., 2012). In the
southern Appalachians, hydrologic subsidy by lateral hydrologic
flows often leads to a gradient in plant-available water during
dry periods (Yeakley et al., 1998), which may indicate strong
dependency of downslope vegetation use on upslope water
subsidy. This highlights the need to understand landscape-scale
ecosystem responses to changing climate as connected systems
between upslope and downslope via associated dominant lateral
hydrologic flows.
Convergent or downslope topographic areas are often
considered to be potential locations of thermal (climatic)
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