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[11 Lateral water flow in catchments can produce important patterns in water and

nutrient fluxes and stores and also influences the long-term spatial development of forest
ecosystems. Specifically, patterns of vegetation type and density along hydrologic flow
paths can represent a signal of the redistribution of water and nitrogen mediated by lateral
hydrologic flow. This study explores the use of emergent vegetation patterns to infer
ecohydrologic processes and feedbacks in forested headwater catchments. We suggest a
hydrologic gradient of vegetation density as an indicator of lateral connectivity within
headwater catchments. We define the hydrologic vegetation gradient (HVG) as the increase
of normalized difference vegetation index per unit increase of the topographic wetness
index. HVG are estimated in different headwater catchments in the Coweeta Hydrologic
Laboratory using summer IKONOS imagery. We use recession slope analysis with gauge
data and a distributed ecohydrological model to characterize the patterns of seasonal flow
regimes within the catchments. Correlations between HVG, catchment runoff, early
recession parameters, and model parameters show the interactive role of vegetation and
lateral hydrologic connectivity of systems in addition to climatic and geomorphic controls.
This suggests that HVG effectively represents the level of partitioning between localized
water use and lateral water flow along hydrologic flow paths, especially during the growing
season. It also presents the potential to use simple remotely sensed hydrologic vegetation
gradients as an indicator of lateral hydrologic connectivity to extrapolate recession behavior
and key model parameters of distributed hydrological models for ungauged headwater

catchments.
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1. Introduction

[2] Hydrologic connectivity has emerged as a central con-
cept in hillslope hydrology. Hydrologic connectivity has
been studied as a function of climate forcing (e.g., precipita-
tion pattern), antecedent soil moisture conditions, dominant
flow regimes, and physical properties of watersheds including
surface/subsurface topography, soil, and geological properties
[e.g., Detty and McGuire, 2010; Hopp and McDonnell,
2009; Ali and Roy, 2010]. Effective connectivity is strongly
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linked to runoff generation dynamics and soil moisture orga-
nization within catchments [e.g., James and Roulet, 2007,
Jencso et al., 2009; Western et al., 2001]. Hydrologic con-
nectivity is usually defined from both flow path continuity
between uplands, riparian zones, and stream channels [e.g.,
Jencso et al., 2009] and connectivity metrics from surface
soil moisture measurements [e.g., Western et al., 2001]. Ali
and Roy [2010] pointed that these definitions are not contra-
dictory as soil moisture patterns are typically a function of
dominant subsurface flow processes.

[3] Hydrologic connectivity has also been regarded as a
key concept for understanding ecological connectivity of
terrestrial and aquatic ecosystems through lateral transport
of water or nutrients [Pringle, 2003 ; Bracken and Croke,
2007; Tetzlaff et al., 2010]. For example, vegetation often
represents lateral redistribution of water and nutrients at the
hillslope scale. Forest vegetation also increases infiltration
rates and water holding capacity of soils by increasing mac-
roporosity and organic matter, resulting in greater hydraulic
conductivity and lower bulk density [e.g., Price et al., 2010].
Therefore, subsurface and saturated overland flow usually
dominates forested watersheds during wet periods and effec-
tively drains saturated and near saturated conditions. During
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the growing season, vegetation consumes water through
interception and transpiration, retaining water for ecosystem
use and decreasing lateral hydrologic flux. Many studies
have reported strong seasonal patterns of hydrologic connec-
tivity primarily driven by vegetation in temperate subhumid
or humid catchments [Detty and McGuire, 2010; Western
etal.,2001; Grayson et al., 1997].

[4] An interactive role of vegetation on lateral hydro-
logic flows has been extensively examined in semiarid eco-
systems (e.g., “tiger bush” [Ludwig et al., 2005]), where
hydrologic connectivity is disrupted by local water and nu-
trient sinks provided by isolated bands of vegetation, and
runoff is rarely connected to local streams. In humid or
subhumid temperate forests, soil water is also an important
structuring element of forest community and biodiversity
[Day et al., 1988]. In steep forested headwater catchments,
shallow subsurface flow is a main source of sustained base
flow [Hewlett and Hibbert, 1967]. Therefore, spatial pat-
terns of vegetation within these catchments are tightly
coupled with the degree of dependence on multiple resour-
ces (water or nutrients) mediated by lateral hydrologic flows
[Hwang et al., 2009]. Mackay and Band [1997] pointed out
that the covariance of leaf area index with wetness intervals
is related to a limiting factor along hydrologic flow paths.
Several sap-flux studies also suggest dominant topographic
and edaphic controls on spatial heterogeneity of transpira-
tion through soil moisture dynamics [Mackay et al., 2010,
Ford et al., 2007; Eberbach and Burrows, 2006]. In this
sense, emergent vegetation patterns along hydrologic flow
paths are important indicators for both local-scale water par-
titioning and hillslope-scale lateral redistribution of soil
water [see Thompson et al., 2011].

[s] Hydrologic responses of a catchment are usually
related to topographic controls on hydrological processes.
Major parameters of lumped hydrologic models are often
estimated in a statistical manner to transfer dominant hydro-
logic behavior to ungauged catchments [e.g., Kokkonen
et al., 2003; Wagener and Wheater, 2006]. In addition,
observed hydrologic response (e.g., mean residence time) is
also explained by topographic characteristics of a catchment,
such as flow path length, flow path gradient, upslope area,
and aspect [McGuire et al., 2005 ; Tetzlaff et al., 2009 ; Brox-
ton et al., 2009]. However, the importance of vegetation and
its interactive role with lateral water redistribution has often
been disregarded despite significant influence of antecedent
soil moisture conditions, and resulting nonlinear hydrologic
runoff and recharge response [Detty and McGuire, 2010;
McGuire and McDonnell, 2010].

[6] Vegetation productivity is tightly coupled with long-
term vegetation water use [e.g., Webb et al., 1978; Law
et al., 2002] via gas exchange processes through leaf sto-
mata. However, few studies have related catchment-scale
hydrologic behavior with vegetation dynamics. Recently,
Troch et al. [2009] revisited the Horton index, originally
suggested by Horton [1933], which describes the fraction of
evapotranspiration to catchment wetting. Brooks et al
[2011] and Voepel et al. [2011] have effectively shown how
remotely sensed vegetation (e.g., normalized difference veg-
etation index) is related to long-term catchment-scale hydro-
logic partitioning across different climate regions.

[7] This study examines the coevolution of forest pat-
terns with hydrologic landscapes, and specifically along
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lateral hydrologic flow paths in headwater catchments. We
assume that vegetation patterns effectively represent not
only long-term carbon uptake (photosynthesis) but also
concurrent vegetation water use (evapotranspiration) at
given topoclimatic settings. We use a simple indicator for
hydrologic connectivity of the watershed system derived
from remotely sensed vegetation, the hydrologic vegetation
gradient (HVG). The interaction of the HVG with a set of
hydrological measurements is investigated, including sea-
sonal patterns of runoff production, recession coefficients,
and behavioral parameter ranges for a distributed hydrolog-
ical model in addition to topoclimatic and geomorphic fac-
tors. HVG is also investigated as a method to estimate early
recession behavior and key model parameters without
hydrologic observations. The objectives of this study are
(1) to define and estimate the hydrologic vegetation gradi-
ent in headwater catchments from fine-resolution remote
sensing imagery, (2) to relate HVG with annual hydrologic
metrics, recession coefficients, and behavioral model pa-
rameter ranges from observed streamflow signals, and (3)
to find dominant topographic controls on ecohydrologic
connectivity in different headwater catchments.

2. Methods and Materials
2.1.

[8] The Coweeta Hydrologic Laboratory is located in
western North Carolina, and is dominated by mixed hard-
wood Forests (Figure 1). The climate is classified as ma-
rine, humid temperate with precipitation evenly distributed
throughout the year. Mean annual precipitation ranges from
1870 to 2500 mm with about a 5% increase for each 100 m
elevation increase (Figure 2) [Swift et al., 1988]. About two
percent of total precipitation is snow [Post et al., 1998].
Average annual streamflow ranges from 48% to 75% of
precipitation in different headwater catchments [Swift
et al., 1988]. In spite of plentiful precipitation, soil mois-
ture is an important structuring element of vegetation spe-
cies [Day et al., 1988] and density [Bolstad et al., 2001].
Seasonal drought (late growing season) is also a key factor
for forest competition and diversity [Clark et al., 2011] due
to topographically driven drainage and interannual hydro-
climate variability (Figure 2). Yeakley et al. [1998] also
showed that topography exerts the dominant control over
hillslope-scale soil moisture patterns during dry seasons in
the study site.

[9] The dominant vegetation species are oaks and mixed
hardwoods including Quercus spp. (oaks), Carya spp. (hick-
ory), Nyssa sylvatica (black gum), Liriodendron tulipifera
(yellow poplar), and Tsuga canadensis (eastern hemlock),
while major evergreen understory species are Rhododen-
dron maximum (rhododendron) and Kalmia latifolia (moun-
tain laurel) [Day et al., 1988]. Soils are described as sandy
loam inceptisols and ultisols, typically of colluvial origin.
Bedrock is typically folded schist and gneiss [Hales et al.,
2009]. The diverse spatiotemporal vegetation dynamics in
the Coweeta basin have been attributed to combined effects
of complex terrain, consequent microclimate variation, dis-
turbance history, and hydrological processes [Ford et al.,
2007; Whittaker, 1956; Day and Monk, 1974; Hwang
et al., 2011] and provide a unique opportunity to relate

Site Description
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Figure 1.
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A study site (Coweeta Hydrologic Laboratory). Black and blue lines represent the watershed

boundaries and streams. Numbers represent watershed ID, and contours are drawn at 20 m intervals.
NDVI, normalized difference vegetation index ; RG, rain gauge; CS, climate station.

different levels of lateral hydrologic connectivity with vege-
tation patterns in headwater catchments.

[10] Daily streamflow data from eight gauged headwater
catchments are used in this study, five of which are located
in lower-elevation regions (<900 m) and three in higher-
elevation regions (>1250 m) (Figure 1 and Table 1).
Several headwater catchments in Coweeta have a range of
disturbance histories (Table 1). We limit our research to
catchments where disturbance occurred at least 30 years
ago. Details of the disturbance histories are available in
Coweeta Long Term Ecological Research (LTER) home-
page (http://coweeta.uga.edu/sitehistory).

2.2. Topographic Characteristics and Hydrologic
Vegetation Gradient

[11] All topographic variables of headwater catchments
(Table 1) are based on digital terrain analysis of light
detection and ranging (LiDAR) elevation data. These data
have about 6.1 m (20 ft) horizontal resolution with about
25 cm of root mean square errors. Aspect is transformed
into a number ranging from —1 (northeast facing) to 1
(southwest facing) to create a more direct measure of radi-
ation load for statistical analysis [Beers et al., 1966].
Topographic wetness index (TI) [Beven and Kirkby, 1979]
is calculated using the D-infinity method with flow propor-
tioned between two downslope pixels according to gradi-
ent [Tarboton, 1997].

[12] The structure of vegetation patterns within head-
water catchments is estimated from normalized difference

vegetation index (NDVI) of a summer IKONOS image
(1 June 2003 ; 4 m spatial resolution; Figure 1):

NDVI = (pyir — prep)/ (Pnir + PreD) M

where prrp and pyyz are surface reflectance of red and near-
infrared bands. NDVI is calculated at the same horizontal
resolution as other topographic variables (6.1 m) by resam-
pling reflectance. The hydrologic vegetation gradient is
defined as the average increase of NDVI with a unit increase
of TI in this study (dNDVI/dTI) within a headwater catch-
ment, calculated by a linear regression of average NDVI val-
ues from binned groups at equal TI intervals (0.5). Only
groups with more than 15 pixels are considered in this calcu-
lation. HVG is designed to represent only the hillslope-scale
vegetation gradients by excluding long tails in TI distribu-
tions which generally represent streams. This simple linear
estimate captures first-order hillslope-scale changes in vege-
tation density, although more detailed descriptors of canopy
pattern may yield additional insight.

[13] NDVI is typically log linearly correlated to leaf area
index (LAI) [Asrar et al., 1984 ; Sellers, 1985], a measure
of foliar density. LAI is usually defined as half total leaf
area per unit ground area [Chen and Black, 1992], and
largely determines canopy interception capacity for evapo-
ration and potential transpiration through stomata. There are
several reasons to compute the HVG with NDVI rather than
LAL First, NDVI is widely used remote sensing and more
generally available than LAI Second, NDVI has a linear
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(a) Annual (white bars) and late growing season (July—October; green bars) precipitation

and pan evaporation (reverse y axis) patterns at the base climate station (RGO06; elevation 685 m).
(b) Monthly mean precipitation and pan evaporation (reverse y axis) during the last decade (2000-2010).
Colored bars are from RG06, and white bars are from the highest rain gauge (RG31; elevation 1363 m)
in the study site. (c) A scatterplot of monthly precipitation between two rain gauges (RG06 and RG31)
from 2000. All units are mm.

relationship with the fraction of absorbed photosynthetically
active radiation (FPAR) across different biome types [Sellers,
1985; Asrar et al., 1992; Myneni and Williams, 1994;
Myneni et al., 2002], an indicator of energy absorption by
vegetation and subsequent carbon uptake based on light use

efficiency. Third, the nonlinear relationship between NDVI
and LAI is highly site-specific depending on biome types and
canopy structures [Myneni et al., 2002], so it may introduce
significant error during the transformation without field
observations.

Table 1. Topographic Characteristics and Hydrologic Vegetation Gradients (HVG) of Headwater Catchments®

Area  Elevation Slope Transformed Mean  Skewness Mean Average HVG
1D (ha) (m) (deg) Aspect of TI of TI DFL (m) NDVI (ANDV1/dTI) Disturbance Historyb
WSo01 15.5 832 27.1 0.587 4.39 1.68 78.1 0.041 0.0000 white pine planted in 1957
WS02°  13.1 856 27.2 0.752 4.50 1.54 129.0 0.484 —0.0017 control
WS06 8.7 792 26.1 —0.315 4.17 1.83 522 0.407 0.0022
WS07° 589 902 28.6 0.516 4.35 1.55 125.6 0.517 —0.0023 clear-cut in 1977
WS10 89.5 972 26.2 0.317 435 1.70 113.9 0.506 0.0033
WS13 16.3 821 26.0 —0.051 4.20 2.12 90.0 0.518 —0.0111
WS14¢ 624 878 25.7 —0.358 442 1.93 90.9 0.476 —0.0024 control
WS17°  13.6 895 28.7 —0.624 4.42 1.17 1143 0.058 —0.0069 white pine planted in 1956
WS18¢ 123 823 28.1 —0.473 433 1.72 141.3 0.445 0.0131 control
WS19 28.3 957 24.8 —0.479 4.46 1.64 121.4 0.490 —0.0010
WS21 24.6 989 24.0 —0.740 4.66 1.35 2442 0.506 0.0012 control
WS22 35.7 1038 26.8 —0.646 4.46 1.64 153.2 0.522 —0.0006
WS27¢  39.8 1256 28.5 —0.636 4.67 1.48 146.4 0.489 0.0063 control
WS28 143.1 1212 25.7 —0.125 4.78 1.39 180.9 0.549 0.0141
WS31 34.2 970 23.8 —0.211 4.52 1.74 115.4 0.492 0.0110
WS32 40.6 1049 24.1 0.089 4.38 2.00 117.6 0.554 0.0049 control
WS34 32.6 1019 27.4 0.438 435 1.79 99.6 0.482 0.0083 control
WS36° 487 1289 30.5 0.345 4.68 1.30 189.3 0.451 0.0250 control
WS37¢  44.1 1313 35.0 —0.259 4.62 1.24 186.1 0.497 0.0224 clear-cut in 1963, no removal
WS40 20.5 1055 315 0.609 4.15 1.94 126.2 0.546 0.0009 control

T1, topographic wetness index; DFL, downslope flow path length; NDVI, normalized difference vegetation index.
®Details of disturbance history are available at http://coweeta.uga.edu/sitehistory.
“Gauged watersheds.
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[14] Skewness of the TI distribution is also calculated as
a topographic description of the headwater catchments
[Ducharne et al., 2000]. We hypothesize that more positive
skewness is related to shorter flow path length to streams
within the catchment. Mean downslope flow path length
(DFL) to streams is also calculated for all headwater catch-
ments to confirm this hypothesis using Terrain Analysis
System (TAS) GIS software [Lindsay, 2005].

2.3. Hydrologic Metrics

[15] Daily streamflow data at eight gauged catchments
(Figure 1 and Table 1) from 1985 to 1995 are used to char-
acterize the hydrologic regimes of headwater catchments.
Five are control watersheds (unmanaged since 1927),
WS07/37 were clear-cut, and WS17 was converted to east-
ern white pine (Pinus strobus L.; Table 1). At each catch-
ment, the runoff ratio (RR; R/P), evapotranspiration (ET;
P — R) estimates, and Horton index (HI) values are calcu-
lated using observed precipitation (P) and streamflow (R)
during ten water years (1986—1995). HI represents the ra-
tio of actual evapotranspiration (ET) to catchment wetting
(W) following Troch et al. [2009]:

ET P—-R
e @
where S is storm runoff, calculated by a hydrograph separa-
tion from streamflow data. Catchment wetting (W) is the
precipitation retained in the soil and available to vegeta-
tion. It is calculated by removing quick flow component.
The Web-based Hydrograph Analysis Tool (WHAT) sys-
tem [Lim et al., 2005] is used to separate base flow from
daily streamflow using the two-parameter digital filtering
method [Eckhardt, 2005]. These simple metrics are calcu-
lated both on water year and seasonal basis (summer, JJA,
and winter, DJF). Note that ET estimates implicitly include
storage changes especially at seasonal time scales. This in-
formation expresses a dynamic response of each headwater
catchment including its memory effect. Dominant decidu-
ous broadleaf trees have fully extended and no leaves
during summer and winter seasons, respectively [Hwang
etal.,2011].

2.4. Recession Slope Analysis

[16] Brutsaert and Nieber [1977] proposed a well-known
recession analysis by plotting the observed recession slope
(—dQydf) with the discharge (Q) using a power function of
the form

do

b
a9 @

The recession slope analysis has been widely used to inves-
tigate groundwater aquifer characteristics, such as soil and
geomorphic parameters using analytical solutions to the
one-dimensional Boussinesq equation. Even though the
parameterization of the analytical solution was originally
developed for unconfined horizontal aquifers in homogene-
ous soils, several analytical solutions have been also devel-
oped for sloping aquifers in heterogeneous soils [see Rupp
and Selker, 2006b].

[17] In these solutions, the parameter a is usually related
to hydraulic properties of groundwater aquifers, while the
exponent b is set to be constant. The exponent b however has
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been shown to vary between different watershed and within a
given watershed under different flow conditions [Tague and
Grant, 2004; Szilagyi et al., 2007]. The exponent b reflects
the degree of nonlinearity of the storage-discharge relation-
ship. Within a watershed, the storage-discharge relationship
(b) may change with current moisture conditions, reflecting
changes in the spatial extent of watershed connectivity or
shifts in the distribution of drainage characteristics associated
with currently active aquifers. Differences in recession slope
among hillslopes or watersheds reflect differences in drainage
properties, their heterogeneity, and spatial organization [Rupp
and Selker, 2006b; Tague and Grant, 2004; Harman et al.,
2009]. In this paper, we use recession slope analysis to
identify transitions in dominant flow regimes over the time
distribution of flows within and across different headwater
catchments.

[18] Recession slope analysis is applied to long-term
daily streamflow records (1985-1995) at eight gauged head-
water catchment during the recession period, defined as any
day of decreasing flow without precipitation. We use the
“scaled-dt” recession slope analysis, which allows time
interval (df) to be adjusted to —dQ values rather than to be
constant [Rupp and Selker, 2006a]. The recession coeffi-
cients are computed using reduced major axis regression
(organic correlation) as both —dQ/dt and Q values are sub-
ject to error [Brutsaert and Lopez, 1998; Hirsch and
Gilroy, 1984].

[19] We also apply several thresholds in —dQ/dt values
(0.01, 0.1, 0.2, and 0.3 mm d™?) in the analysis to remove
small —d(Q/dt values for several reasons. First, these small
values are more affected by other concurrent hydrological
processes (e.g., channel hydraulics) that alter apparent
recession behavior. Second, small —dQ/dt values are sensi-
tive to uncertainty and error in observations, including
detection limits and rating curve calibration. Third, small
—dQ/dt values that usually happen during late recessions
possibly better represent hydraulic characteristics of deep
groundwater aquifers, decoupled with shallow-rooted vege-
tation water use in the study site. Note that Brutsaert and
Nieber [1977] originally used lower envelopes of scatter
plots to estimate deep groundwater aquifer characteristics
assuming the minimum recession rate (—d(Q/dt) at a given
O would solely depend on deep groundwater storage. The
resulting slope b and intercept log(a) coefficients at differ-
ent thresholds are then plotted against the HVG values.

2.5. Semidistributed Ecohydrological Model
(RHESSYys)

[20] Regional Hydro-Ecological Simulation System
(RHESSys) is a GIS-based, ecohydrological modeling frame-
work designed to simulate carbon, water, and nutrient cycling
in complex terrain [Band et al., 1993; Tague and Band,
2004]. RHESSys combines a set of physically based process
models and a methodology for partitioning and parameteriz-
ing the landscape. The spatially distributed structure enables
the modeling of spatiotemporal interactions between different
ecohydrological processes from patch to watershed scales.
RHESSys has two options for lateral redistribution of water
within a catchment: one derived from the routing approach
in the distributed hydrology soil vegetation model (DHSVM)
[Wigmosta et al., 1994] and a quasi-distributed approach to
hillslope hydrological processes based on TOPMODEL
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[Beven and Kirkby, 1979]. In this study, the TOPMODEL
approach is used.

[21] The model simulates the subsurface flow (Qsupsursuce)
under the assumption of the exponential decay of saturated
hydraulic conductivity with soil depth.

ea\'/m

qubsurface =To- ei)\ : (4)
where Tj is the effective lateral saturated transmissivity
(m* d™"), X and s are the mean TI and water equivalent
water table depths (m) within the hillslope, and m is the
decay rate of hydraulic conductivity with depth (m).

[22] RHESSYys is applied to the eight gauged headwater
catchments (Table 2 and Figure 1) with a 10 x 10 m grid
resolution during three water years (1991-1993) with a
9 month spin-up period. The spatial pattern of maximum
leaf area index (LAI) is prescribed in the model without
interannual variation, estimated by regressing NDVI and
various LAI observations [Hwang et al., 2009]. The sea-
sonal pattern of LAI in coniferous watersheds (WS01/17;
Figure 1) is also prescribed from previous field observa-
tions without spatial variations [Vose and Swank, 1990,
Vose et al., 1994]. A normalized vegetation phenology
from 10 year Moderate-resolution Imaging Spectroradiom-
eter (MODIS) NDVI (2000-2009) for each headwater
catchment [Hwang et al., 2011] is also prescribed in the
model. Other ecophysiologic and soil parameterizations are
based on detailed field observations within the study site
[Hwang et al., 2009 ; Hales et al., 2009].

[23] Three daily climate inputs (max and min temperature
and precipitation) are used in the model. The closest climate
station and rain gauge from each headwater catchment are
used as a base station in the model (Figure 1), from which
spatial daily inputs of temperature and precipitation are ex-
trapolated on the basis of temperature lapse rates [Bolstad
et al., 1998b] and a long-term isohyet map. The long-term
isohyet is developed using universal cokriging with 5 year
total precipitation (1991-1995) from nine rain gauges within
the study site (Figure 1).

2.6. Generalized Likelihood Uncertainty Estimation

[24] Generalized Likelihood Uncertainty Estimation
(GLUE) methodology is used to estimate behavioral pa-
rameter ranges in each headwater catchment rather than
choosing a single optimum [Beven and Binley, 1992 ; Freer
et al., 1996]. GLUE associates different degrees of belief to
behavioral parameter sets by weighting with likelihood
values, where it is accepted as behavioral if a model run

Table 2. Maximum and Threshold Nash-Sutcliffe Efficiency Values
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satisfies certain criteria. The behavioral parameter sets are
then ranked to form a cumulative probability distribution to
produce uncertainty bounds from selected quantiles. The
Nash-Sutcliffe efficiency [Nash and Sutcliffe, 1970] for the
log of daily streamflow is used as a likelihood measure in
this study, as it emphasizes low flows (rather than peaks)
that are coupled with vegetation water use [e.g., Bond
et al.,2002].

[25] The model is calibrated with three TOPMODEL pa-
rameters, the decay rate of hydraulic conductivity with
depth (m), the effective lateral saturated transmissivity
(In(Ty)), and the vertical saturated hydraulic conductivity
(Ksar0.ver)- Monte Carlo simulation is implemented four
thousand times from uniform distributions within prescribed
ranges. Simulation sets above the 97.5% upper quantiles
(n = 100) are set as behavioral to effectively constrain pa-
rameter ranges in different headwater catchments. Like-
lihood measures and behavioral parameter ranges are also
calculated on a seasonal basis using the behavioral thresh-
olds (Table 2). The seasonal behavioral parameter ranges
help us to understand the model dynamics and the seasonal
variation of hydrologic responses under the TOPMODEL
framework [Freer et al., 2004].

2.7. Statistical Analysis

[26] A multiple regression analysis is used to relate HVG
to topographic variables including area, elevation, slope,
transformed aspect, and skewness of the TI distribution for
all headwater catchments (n = 20; Table 1). All interaction
terms of the topographic variables are included in the anal-
ysis. To minimize the risk of overparameterization, the
automatic model simplification function stepAIC in pack-
age MASS version 7.2 for R (The R Foundation for Statisti-
cal Computing) is used for parsimonious models, which
performs stepwise model selection by a penalized log like-
lihood method (Akaike’s information criterion).

3. Results
3.1. HVG and Topographic Characteristics

[27] Two high-elevation catchments (WS36/37) have rel-
atively high HVG values (Figure 3 and Table 1), while two
low-elevation south facing (WS02/07) and the coniferous
(WS17) catchments are negative. The two north facing
hardwood catchments (WS18/27) have medium HVG val-
ues. Two low-elevation control catchments (WS02/18)
have HVG of opposite sign even though their topographic
characteristics are very similar except for aspect (Table 1).

Winter Season

Full Year Summer Season (June—August) (December—February)

ID Maximum Threshold Maximum Threshold Maximum Threshold
WS02 0.866 0.842 0.867 0.810 0.800 0.770
WS07 0.886 0.855 0.755 0.679 0.904 0.856
WS14 0.878 0.844 0.805 0.729 0.854 0.809
WS17 0.869 0.845 0.849 0.771 0.823 0.795
WSI18 0.894 0.867 0.841 0.769 0.869 0.843
WS27 0.896 0.858 0.857 0.804 0.937 0.887
WS36 0.831 0.789 0.745 0.703 0.849 0.812
WS37 0.809 0.755 0.772 0.695 0.835 0.747
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Figure 3. Vegetation patterns along the hydrologic flow paths at eight gauged headwater catchments.
Circles represent average NDVI values, and box plots denote the lower quartile, median, and upper quar-
tile values for each binned group. Counts are numbers of 6.1 m patches. Hydrologic vegetation gradients
(HVG) are simply calculated from a linear regression of average NDVI values.

Two coniferous catchments (WS01/17) are featured with
relatively low NDVI values and vegetation gradients,
paired with adjacent control catchments (WS02/18). Catch-
ments have very diverse combinations of elevation, aspect,
and skewness values (Table 1). WS14 has the highest
skewness of the TI distribution with the highest order of
streams among the gauged catchments, whereas WS17 has
the lowest. WS36 and WS37 also have relatively low skew-
ness values. These skewness values show significant nega-
tive correlation to the mean DFL to streams (Figure 4;
R* = 0.475, P < 0.001) for all headwater catchments
(n = 20). This indicates that the catchments with larger TI
distribution skewness have larger drainage density and
shorter flow path length to the streams in the study area.

3.2. HVG and Hydrologic Metrics

[28] The relationships between the observed HVG and
hydrologic metrics are shown in Figure 5. The RR (runoff
ratio), ET (evapotranspiration), and HI (Horton index) val-
ues have significant linear relationships with HVG. All
low-elevation catchments maintain similar levels of RR,
ET, and HI values even during the winter when soil
recharge is active. This indicates that vegetation at low-
elevation catchments likely experiences more water stress
than high-elevation catchments during the summer. How-
ever, three high-elevation catchments (WS27/36/37) show
dramatic differences in seasonal RR, ET, and HI values,
which suggests weaker memory effect of the system than
low-elevation catchments. Vegetation gradients have more
significant relationships with annual hydrologic metrics,
which better represent the system-wide long-term hydro-
logic connectivity. These relationships are least significant

during the summer season, when RR, ET and HI values of
deciduous broadleaf catchments are much more similar.

[20] The coniferous catchment (WS17) has the lowest
RR, the highest ET and HI values of all catchments, while
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=
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Figure 4. Relation between the skewness of the topo-
graphic wetness index (TI) distribution and the mean down-
slope flow path length (DFL) to streams (m) for all
headwater catchments (Table 1 and Figure 1). Vertical lines
represent the standard deviations of DFL within the catch-
ments. The gauged catchments are shaded gray.
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Figure 5. Relation between HVG and hydrologic metrics during (left) the full year, (middle) the

summer (June—August), and (right) the winter season (December—February) for eight gauged headwater
catchments. Vertical and horizontal bars represent standard deviations during a 10 water year period
(1986-1995) and 95% confidence intervals of estimated HVG, respectively.

the south facing low-elevation catchment (WS02) has the
highest ET and HI values among the deciduous broadleaf
catchments. Three high-elevation catchments (WS27/36/37)
show relatively high RR, low ET and HI values compared
to low-elevation catchments, as well as larger seasonal dif-
ferences. In high-elevation catchments, interannual varia-
tions of RR during the summer season are higher than those
from low-elevation catchments, while estimated ET and HI
interannual variations are lower. This indicates that vegeta-
tion water use at high elevation is consistently maintained
within certain ranges regardless of precipitation variation as
water stress rarely experienced due to high precipitation and
low temperature (Figure 2c). However, interannual varia-
tions of ET in low-elevation catchments are higher than
those at high elevation, which represents the greater depend-
ency of vegetation water use on the interannual hydrocli-
mate variability. HI values during the full year and summer
season have lower interannual variation compared to RR
and ET (Figure 5). This may indicate that the HI efficiently
excludes the interannual effect of climatic variables and bet-
ter represents vegetation condition than RR and ET values
[Troch et al., 2009].

3.3. HVG and Recession Behavior

[30] The recession slope analyses for eight gauged head-
water catchments are shown in Figure 6. Higher R? values
and narrower scatter ranges are observed in high-elevation
catchments (WS27/36/37), which indicate more uniform
hydrologic responses at a given Q. A more uniform reces-
sion slope across flow conditions for the high-elevation
catchments is consistent with more uniform degree of
within hillslope connection. In other words, because these
catchments maintain greater levels of moisture (closer to
saturation) throughout the year, the dominant aquifer (and
its properties) for a given O does not change substantially.
For low-elevation catchments, the exponent b gradually
decreases with larger —d(Q/dt thresholds while the intercept
log(a) increases. This suggests that the shape of recession
curves in these catchments fluctuates more than those from
the high-elevation catchments across antecedent recharge
history primarily because of higher evaporative demand and
lower precipitation (Figure 2). In other words, the short-
term responses of these catchments (also called “impulse
responses”) are relatively decoupled with their long-term
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Figure 6. Recession slope analyses (log O versus log(—dQ/dr)) for eight gauged headwater catch-
ments. Regression lines are calculated with different thresholds (0.01, 0.1, 0.2, and 0.3 mm dfz), where
each regression line corresponds to the horizontal threshold line with the same color and thickness. All
regression lines are statistically significant (P < 0.001).

responses, featured by the upper and lower envelopes in the
recession slope analysis, respectively (Figure 6).

[31] Further comparisons between recession coefficients
and HVG values are given in Figure 7. HVG values show
strong negative linear relationships with the intercept
log(a) only at 0.20 and 0.30 threshold levels. This indicates
that early recessions with high —dQ/dt values are closely
linked to HVG-derived hydrologic connectivity, while late
recessions with low —dQ/dt values rather represent the
characteristics of deeper groundwater aquifers. A higher
intercept reflects a more rapid recession and thus more effi-
cient drainage system for a given O, where upslope drain-
age is less available to vegetation downslope (smaller
HVG).

[32] The exponent b values are largely scattered at two
ranges: around 1.5 for high-elevation catchments and 1.0
for low-elevation catchments. This suggests that the drier
low-elevation catchments behave more like a linear storage
system, while wetter high-elevation catchments show strong
nonlinear behavior. Brutsaert and Nieber [1977] demon-
strated that the nonlinear Boussinesq solution produces a
slope of 1.5 for long-time solutions, very close to those
from high-elevation catchments reported here. Rupp and
Selker [2006b] also showed that the exponent b in sloping
aquifers would be expressed with vertical heterogeneity of
saturated hydraulic conductivity, ranged from 1 to 2. This
also reflects the transitions in dominant flow regimes from
deeper groundwater flow to shallow subsurface flow along
the elevation gradient due to associated environmental tem-
perature lapse rate coupled with strong orographic precipita-
tion patterns (Figure 2c).

3.4. HVG and Behavioral TOPMODEL Parameters

[33] Maximum likelihood measures and threshold values
for behavioral parameter sets (Table 2) show that the model
efficiently captures the different runoff regimes of each
headwater catchment. The model usually performs better
during the winter season than the summer season. Simulated
uncertainty bounds of daily streamflow from behavioral pa-
rameter sets are shown in Figure 8. The model effectively
simulates different levels of low flows during the growing
season. However, the model significantly underestimates
peak flows for two high-elevation catchments (WS36/37)
especially during high-flow periods. This may occur because
of inaccuracy of precipitation inputs as there are no close
rain gauges for these two catchments (Table 2 and Figure 1),
and calibration uses the log of streamflow which would bet-
ter capture low-flow behavior.

[34] The relationships between HVG and behavioral pa-
rameter ranges during the full year and summer season are
shown in Figure 9. During the summer season, the m and
In(7y) parameters show correlations with the vegetation
gradients, as well as a negative covariance between them.
With an HVG increase, behavioral m ranges largely increase
while behavioral In(7j) ranges decrease. The TOPMODEL
framework accounts for the hydrologic connectivity between
upslope and downslope regions with the key m parameter,
controlling the range of a local water table depth from their
mean on the basis of the TI distribution [Beven and Kirkby,
1979]. It indicates that larger m values in TOPMODEL not
only represent higher vertical heterogeneity of soils by defi-
nition, but also more upslope subsidy of water along
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hydrologic flow paths, The parameter m is also related to the
slope of the recession curves (equation (4)), where a higher
m reflects less steep hydrograph recessions [Freer et al.,
2004]. This also means that the steeper recessions during the
summer season represent a more disconnected hillslope
within the catchment, and less chance for upslope subsidy to
be used by vegetation downslope. It is worthwhile to note
that two possible outliers in Figure 9b are represented by
catchments with the highest skewness of TI distribution
(WS14) and the most recent disturbance history (a commer-
cial clear-cut in 1977; WS07; Table 1). With these outliers
removed, there is a more significant relation between
HVG and behavioral m ranges with an exponential model
(R* =0.89; P < 0.01).

[35] HVG show less significant relationships with the be-
havioral parameter ranges of the other seasons. This sug-
gests that HVG is more related to the pattern of low flows,
and effectively represents the level of water subsidy along
hydrologic flow paths during the growing season. Instead,
the behavioral m ranges of deciduous headwater catch-
ments during the winter season are significantly related to
the skewness of TI distribution and the mean DFL to
streams (Figure 10). Interestingly, the coniferous evergreen
catchment (WS17) occupies distinct parameter spaces in
Figure 10, where vegetation water use is still active even
during the winter. The seasonal fluctuations of behavioral m
parameter also reflect a structural deficiency of TOPMODEL
from the steady state assumption related to overestimation of
upslope contributing area especially during dry periods (the
so-called dynamic a problem) [Beven and Freer, 2001]. In
addition, high-elevation catchments also show very distinct
RR, ET and HI values during the winter season (Figures 5c,
5f, and 5i). These surely indicate that the flow levels

during the winter season are more related to catchment
topology and topoclimatic factors rather than vegetation
water use.

3.5. Topographic Controls on HVG

[36] Two multiple regression models for HVG with topo-
graphic variables are summarized in Table 3. The model
shows a higher R* value without two coniferous catchments
(WSO01/17), which have very different phenological patterns
and resulting seasonal patterns of evapotranspiration. Eleva-
tion shows significant positive relationships with vegetation
gradients in both models. This suggests that there is more lat-
eral hydrologic connectivity at higher elevation, reflecting
the combined effect of orographic precipitation and environ-
mental temperature lapse rate along the elevation gradient
(Figure 2).

[37] The significance of the interaction term between
transformed aspect and slope can be interpreted as strong
radiative controls on hydrologic connectivity as this multi-
plicative term is a typical radiation proxy parameter in
steep terrain [Pierce et al., 2005]. More vegetation water
use on south facing slopes results in less hydrologic con-
nectivity during the growing season and smaller HVG
within the catchment. This result is also consistent with the
comparison between two low-elevation control watersheds
at different slopes (WS02/18).

[38] The skewness of TI distribution shows a significant
negative relationship with vegetation gradients for decidu-
ous catchments (Table 3). Considering that the skewness
has a significant negative relationship with the mean DFL
to streams (Figure 4), it indicates that upslope subsidy may
not be used efficiently by downslope vegetation in hill-
slopes with short DFL. Note that WS14, which has the
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Figure 9. Relation between HVG and the behavioral ranges of two key TOPMODEL parameters
(m and In(7y)) during the full year (left column) and the summer season (JJA ; right column).

highest skewness and the lowest DFL values among gauged
catchments (Figure 4), occupies a unique position during
the summer season (Figure 9b). This can be interpreted as a
dominant geomorphic control on long-term hydrologic con-
nectivity especially during the dormant season. The catch-
ment area variable does not show any significance to
vegetation gradients. This is consistent with previous stud-
ies, which reported no significant effect of area on hydro-
logic connectivity [McGlynn et al., 2004].

4. Discussion

[39] In this study, HVG in headwater catchments are esti-
mated from fine resolution satellite imagery, and are related
to hydrologic metrics, recession coefficients, and behavioral
parameter ranges for a quasi-distributed ecohydrological
model. Vegetation gradients are significantly correlated to an-
nual hydrologic metrics (RR, ET, and HI). In addition, vege-
tation gradients are also related to early recession behavior
represented by recession coefficients and behavioral parame-
ter ranges of TOPMODEL. Increased vegetation density
along hydrologic flow paths suggests substantial water sub-
sidy from upslope to downslope especially through shallow
subsurface flow that is the main source of streamflow in this
region [Hewlett and Hibbert, 1967]. On the contrary, static or
decreased vegetation density downslope indicates more local-
ized water use by vegetation and less lateral hydrologic con-
nectivity especially during the growing season. Specifically,
negative HVG indicates that downslope vegetation may ex-
perience more water stress because of associated temperature
increases and orographic precipitation decreases at low eleva-
tions. The decrease of NDVI downslope may also be related
to low-NDVI species (e.g., thododendron, eastern hemlock)

in cove region in the study area [Day ef al., 1988; Bolstad
et al., 1998a].

[40] The exponent b effectively represents the dominant
flow regimes of upslope subsidy. The upslope subsidy in
catchments with large HVG is dominated by shallow sub-
surface flow, represented by large exponent b (around 1.5).
The catchments with small HVG are probably more domi-
nated by deeper groundwater flows as they behave like a
simple linear storage system featured by small b (around
1.0). Therefore, streams are disconnected from upslope,
and hydrologic responses are spatially limited to the near-
stream (riparian) dynamics in these catchments. There are
fewer chances for upslope subsidy to be taken by vegeta-
tion downslope, as the rooting depths in this region are
quite shallow (around 1 m) and rather spatially uniform
[Hales et al., 2009]. The early recession behavior is also
closely related to HVG. Smaller HVG headwater catch-
ments usually have steeper early recessions, featured by
large intercept, log(a) denoting more efficient drainage,
and small behavioral m parameter ranges. Note that the
recession behavior is not only associated with dominant
flow regimes, but also with drainage efficiency of head-
water catchments.

[41] We also found that the skewness of TI distribution
has a significant positive relationship with behavioral m pa-
rameter ranges during the winter season (Figure 10a) and a
statistically significant negative relationship with HVG for
deciduous catchments (Table 3). Considering that skewness
is a major factor determining the saturated fraction in
TOPMODEL [Ducharne et al., 2000] as well as its rela-
tionship with mean DFL to streams (Figure 4), it may be
interpreted as a significant geomorphic control on hydro-
logic response. This is closely related to drainage efficiency
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(or density) and channel network structure within the catch-
ment [Woods and Sivapalan, 1997]. Thompson et al.
[2011] found the self organization of vegetation cover
driven by lateral subsidies is primarily determined by cli-
mate, drainage density, and vegetation water use using a
simple network water balance model for both vegetation
distribution and catchment water balance. Voepel et al.
[2011] also demonstrated that Horton index values are sig-
nificantly related to topographic characteristics (elevation,
slope) in addition to climatic factors.

[42] Vegetation has priority for precipitation and soil
water through interception and transpiration [Brooks et al.,
2010]. Therefore, vegetation patterns within headwater
catchments effectively represent the pattern of soil water
partitioning between localized water use by vegetation (so-
called green water) and lateral hydrologic flows (so-called
blue water). In this sense, green water downslope is par-
tially dependent on the generation of blue water upslope.
The interactive role of vegetation with hydrologic connec-
tivity is first confirmed by the comparison of two first-
order control catchments with opposite aspects (WS02/18;
Table 1). In spite of the similarity in topographic character-
istics and the amount of total precipitation, they have very
different RR, ET, and HI values (Figure 5), recession
coefficients (Figure 7), and behavioral parameter spaces
(Figure 9). We also found that the multiplicative term of
transformed aspect and slope has a significant negative rela-
tion with vegetation gradients (Table 3). Greater radiation

Table 3. Summary of Two Multiple Regression Models for the
Hydrologic Vegetation Gradient of Headwater Catchments®

Model 1 (n = 20) Model 2° (n = 18)

elevation 448 x107°" 287 x107°"
elevation : taspect® 522 x 107" 927 % 10~3"""
taspect : slope® —1.79 x 1073 333 x 103"
skewness® —1.85x 10727
R 0.637 0.877

?Asterisks indicate the following: ****, P < 0.0001; ***, P < 0.001; **,
P <0.01; %, P <0.05.

®Two coniferous watersheds (WS01/17) are excluded.

‘taspect, transformed aspect.

9Skewness of the TI distribution.

loads on steep south facing slopes and resulting increased
evapotranspiration demand cause more localized water use
than on north facing slopes, which decreases lateral hydro-
logic connectivity and spatial organization of vegetation
along the hydrologic flow paths.

[43] The importance of radiative controls on hydrologi-
cal processes has been investigated by a number of hydro-
logic and ecosystem studies. Broxton et al. [2009] reported
primary controls of aspect on transit times in semiarid and
snow-dominated environments with shorter transit times in
south facing slopes with less vegetation cover. Ivanov et al.
[2008] pointed out that the aspect and slope are the key fac-
tors determining distributed hydrologic behavior and result-
ing vegetation patterns in a semiarid region. Many studies
found that aspect was an important factor in soil water redis-
tribution [e.g., Moore et al., 1988; Western et al., 1999]. A
number of sap flux studies also found that heterogeneity of
available light is a significant factor explaining the spatial
variation in transpiration [Ewers et al., 2007; Burgess and
Dawson, 2008; Loranty et al., 2010]. The spatial variability
of incoming solar energy at different topographic positions
results in different ecohydrological patterns of vegetation,
evapotranspiration, timing/intensity of snowmelt, resulting
streamflow generation, and even geologic-scale soil develop-
ment [e.g., Hwang et al., 2011 ; Istanbulluoglu et al., 2008].

[44] Larger HVG in high-elevation catchments (WS36/37;
Table 1) and the strong significance of elevation to HVG
(Table 3) are associated with topoclimatic controls on lateral
hydrologic connectivity; strong orographic precipitation pat-
terns [Swift et al., 1988] and the environmental temperature
lapse rate [Bolstad et al., 1998b] in the study area. Lower
potential evapotranspiration and higher precipitation at high
elevations (Figure 2) result in more dominance of lateral
hydrologic flows, which leads to high RR, low HI, larger reces-
sion coefficient b, and higher HVG (Table 1 and Figure 5).

[45] In this study, we have found that the HVG typically
decreases with increasing HI. This relationship may not be
applicable in ecosystems that are not water limited. In
energy-limited ecosystems, HVG may be largely determined
by confounding elevational or radiation changes along hydro-
logic flow paths. A postulated relationship between HI and
HVG is shown in Figure 11 when hypothetical mountainous

13 of 16



W06514

Energy-limited Water-limited
(ET/PET=1) (ET/PET< 1)
Seasonal Humid
snow- temperate
dominated region
region

Mediterranean

region
Snow- g

dominated

region
Semi-dry

region

Hydrologic Vegetation Gradients

Horton Index

Figure 11. A postulated relationship between Horton
index and HVG. ET, evapotranspiration; PET, potential
evapotranspiration.

headwater catchments would be located in different climate
regions. In a snow-dominated climate region, the catchment
may have the lowest HI as well as low vegetation gradients.
In seasonally snow-dominated ecosystems, vegetation
appears downslope first where temperatures are usually
higher. Tague [2009] also reported that the upslope subsidy
through seasonal snowmelts possibly decreased plant water
stress downslope in a mountainous watershed in the Sierra
Nevada. In this case, the vegetation gradients increase with
the increase of HI, opposite to what is suggested in this study
(Figure 5). In more water-limited regions, the vegetation gra-
dients would decrease when HI increases.

[46] The high-elevation region in Coweeta may be more
energy limited than water limited because of low tempera-
ture and high precipitation. The region around the 1100—
1300 m elevation band is usually regarded as the transition
zone from southern Appalachian to northern hardwood for-
ests [Day et al., 1988]. Additionally, phenological features
at high elevation are determined solely by temperature com-
pared to low elevation [Hwang et al., 2011]. In this sense,
the larger HVG in high-elevation south facing catchments
(WS36/37) may be mostly driven by the accompanying
temperature gradient downslope as well as the geomorphic
gradient of steep, landslide dominated areas with limited
soil cover compared to deeper, organic soils downslope
[Band et al., 2012]. In addition, this may explain why we
have a relatively low vegetation gradient in the high-eleva-
tion north facing catchment (WS27), with consistent energy
limitations from ridge to valley. WS27 also lacks escarp-
ments which drive the geomorphic gradients in soil depth
and organic matter in WS36/37. It implies that HVG would
be highest in the ecotone region (Figure 11), where limiting
factors for vegetation growth vary along hydrologic flow
paths.

[47] This study implicitly assumes that water (or accom-
panying nutrient) is a limiting resource for vegetation, and
therefore vegetation patterns are mainly determined by the
lateral redistribution of soil water driven by dominant flow
regimes. However, even when vegetation patterns are
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determined by covarying factors along hydrologic flow
paths (e.g., temperature, radiation, and soils), emergent
vegetation itself can be used to estimate the level of long-
term partitioning between localized water use and lateral
water flow along hydrologic flow paths. In other words, the
effect of covarying factors is already manifested in emer-
gent vegetation patterns. Note that HVG suggested in this
study is not intended for isolating the effect of soil moisture
on vegetation density.

[48] Traditionally, in subhumid or humid mountainous
catchments hydrologists have focused more on the topo-
graphic control of hydrologic processes [e.g., McGuire
et al., 2005; Tetzlaff et al., 2009]. However, our study sug-
gests that topography may exert primary controls over
hydrologic response during high flows, while vegetation
water use has a significant effect on hydrologic connectiv-
ity during the growing season. Therefore, the hydrologic
response of watershed systems should be understood by
competition between vegetation water use and drainage ef-
ficiency [Thompson et al., 2011]. In this sense, this study
suggests that emergent vegetation patterns within head-
water catchments may be used as a diagnostic tool to
understand the interaction of local water balance (vegeta-
tion water use or remnant soil recharge) along the hydro-
logic flow paths with lateral redistribution.

5. Conclusions

[49] In this study, we propose the hydrologic vegetation
gradient (HVG) as a simple indicator for lateral hydrologic
connectivity in a headwater catchment. HVG shows signifi-
cant relationships with annual hydrologic metrics and the
patterns of flow regimes during the growing season. Using
HVG, we found dominant topoclimatic and geomorphologic
controls on lateral hydrologic flows in the study area. With-
out significant disturbance, the spatial organization of vege-
tation within catchments effectively represents the degree of
dependency of ecosystems along hydrologic flow paths.
This study also presents the potential to estimate early
recession behavior, and key model parameters of ungauged
headwater catchments from remotely sensed HVG.
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