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Abstract The phenological response of vegetation to ongoing climate change may have great
implications for hydrological regimes in the eastern United States. However, there have been few
studies that analyze its resultant effect on catchment discharge dynamics, separating from dominant
climatic controls. In this study, we examined the net effect of phenological variations on the long-term
and interannual gross primary production (GPP) and evapotranspiration (ET) fluxes in a temperate
deciduous forest, as well as on the catchment discharge behavior in a mixed deciduous-conifer forest
catchment. First, we calibrated the spring and autumn leaf phenology models for the Harvard Forest in
the northeastern United States, where the onsets of greenup and senescence have been significantly
advanced and delayed, 10.3 and 6.0 days respectively, over the past two decades (1992–2011). We then
integrated the phenology models into a mechanistic watershed ecohydrological model (RHESSys), which
improved the interannual and long-term simulations of both the plot-scale daily GPP and ET fluxes and
the catchment discharge dynamics. We found that the phenological changes amplified the long-term
increases in GPP and ET driven by the climatic controls. In particular, the earlier greenup onsets resulted
in increases in annual ET significantly, while the delayed senescence onsets had less influence.
Consequently, the earlier greenup onsets reduced stream discharge not only during the growing season
but also during the following dormant season due to soil water depletion. This study highlights the
importance of understanding vegetation response to ongoing climate change in order to predict the
future hydrological nonstationarity in this region.

1. Introduction

Vegetation phenology is a distinct ecosystem response to a changing climate (Menzel et al., 2006), and a
major driver for the exchange of carbon, water, and energy between terrestrial ecosystems and the atmo-
sphere (Penuelas et al., 2009; Richardson et al., 2010). Many studies have documented that warming tempera-
tures have lengthened growing seasons (GSs) over the past three decades (Buitenwerf et al., 2015; Walther
et al., 2002), including a 7–13 days longer GS across the eastern United States (Elmore et al., 2016;
Richardson et al., 2006). The implications of longer GS on key terrestrial ecosystem processes have also been
investigated, indicating an enhanced annual carbon uptake in temperate deciduous forests of about 7.3 g C/m2

per additional GS day (Baldocchi, 2008; Churkina et al., 2005; Keenan et al., 2014; Polgar & Primack, 2011;
Richardson et al., 2009; White et al., 1999). Although evidence of increased carbon uptake has been consistent,
the effect of an extended GS on hydrologic cycles appears to be more complicated (Hogg et al., 2000;
Keeling et al., 1996). Transpiration through the open vegetation stomates would increase during lengthened
periods of full canopy (Berry et al., 2010; Wilson & Baldocchi, 2000), and evaporation from the vegetated
surfaces (i.e., interception) would increase as well. Soil evaporation from the ground floor would be
expected to decrease as a result of decreased solar radiation penetrating through closed canopies and
lower ground temperatures due to longer canopy duration (Huntington, 2010; Penuelas et al., 2009).
Changes in these energy and surface water fluxes should also be associated with adjustments in soil water
storage, which then could have a cascading effect on the magnitude of groundwater recharge and stream
discharge (Q; Creed et al., 2014; Richardson et al., 2012; Thompson et al., 2011).
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There have been, however, few studies that attempt to separate the climatic and phenological controls on
plot-scale evapotranspiration (ET) and on watershed discharge in the eastern United States where seasonal
cycles in vegetation water use exceed annual variation in precipitation. Several studies have shown that
the annual ET of deciduous forests is positively correlated with the phenological variation (Migliavacca
et al., 2012; Richardson et al., 2013; White et al., 1999), while others have suggested little influence (Puma
et al., 2013). Likewise, watershed-scale ET estimates based on mass balance appear to reflect increasing or
decreasing trends across the eastern United States (Huntington & Billmire, 2014; Jones et al., 2012; Kramer
et al., 2015; Lu et al., 2015). However, watershed-scale ET estimates include, by their nature, transient storage
changes, which are greatly affected by the interannual hydroclimate variability (e.g., precipitation intensity
and timing; Hwang et al., 2018; Troch et al., 2009). Therefore, watershed-scale ET estimates may not be the
most proper measure to quantitatively assess the net effect of interannual phenological changes on key
hydrological fluxes under ongoing climate changes.

There have been even fewer studies that have addressed the effect of phenological changes on subsequent
seasonal stream discharge dynamics. Czikowsky and Fitzjarrald (2004) showed that the streamflow recession
time (the time to return to the base flow levels after rainfall) has shortened and the diurnal streamflow ampli-
tude has increased in the northeastern United States, resulting from earlier vegetation greenup onsets and
the increased water use. Creed et al. (2015) reported that streamflow during the spring and autumn has
declined in a temperate forest in Canada, and the timing of Budyko dryness index (the ratio of potential eva-
poration to precipitation, PET/P) and evaporative index (P-Q/P) had shifted to earlier in the spring and later in
the autumn. However, such empirical approaches are limited in their ability to quantify the net changes in
stream discharge driven by phenological variations due to hydroclimate variability. To date, few studies have
incorporated dynamic vegetation phenology models into watershed models as a main driver of streamflow
dynamics, even though several studies have discussed this apparent link (Huntington et al., 2004; Thompson
et al., 2011). Moreover, most studies have not considered the cooccurring effect of enhanced vegetation
growth, due to lengthened GS s, on the hydrological fluxes. It is only very recent that a distributed modeling
framework was applied to separate the effect of vegetation dynamic and hydroclimate variability, showing
that lengthened GS and subsequent vegetation growth can account for long-term nonstationary hydrologic
behavior in forested watersheds in southeastern United States (Hwang et al., 2018). Therefore, it is critical to
improve our understanding of the implication of phenological changes on hydrological behavior across dif-
ferent climate regions through the use of a unified framework that includes both vegetation dynamics and
watershed-scale hydrological processes (Migliavacca et al., 2012; Richardson et al., 2012, 2013).

In this study, we integrated a phenology model into a mechanistic watershed-scale ecohydrological model.
We then evaluated the model results at a mixed forest catchment using both plot- and catchment-scale field
measurement data. Finally, we assessed the net phenological controls on the long-term and interannual
hydrological fluxes (i.e., ET and stream discharge) within the unified modeling framework.

2. Data and Method
2.1. Study Site

The study site is the Arthurs Brook (previously known as Bigelow Brook) catchment located within the
Harvard Forest Long Term Ecological Research (LTER) site in New England (Figure 1). The climate is gen-
erally cool and moist with the annual mean temperature of 8.5°C (ranging from �7 to 20°C) and an
annual total precipitation of about 1,100 mm evenly distributed throughout the year (the period of
record of 1964–2016; Boose, 2018a; Boose & Gould, 2004). Over the past two decades, both the GS
daytime temperature and the annual total precipitation have increased by 0.1 and 5.5% per decade,
respectively (Keenan et al., 2013). The study catchment has a moderate topography (elevation ranging
from 240 to 430 m above sea level). It is mostly covered by a 3 m depth of glacial till over gneiss
and schist bedrock, which texture is a largely sandy loam (National Resources Conservation Service,
2009). The study catchment has an area of 65.9 ha with 51.5% of deciduous broadleaf forest (dominated
by northern red oak [Quercus rubra] and red maple [Acer rubrum]), 44% of evergreen needleleaf forest
(dominated by eastern hemlock [Tsuga canadensis] and white pine [Pinus strobus]), and 4.5% of woody
wetlands (a mix of hardwoods and shrub). These tree stands range from 70 to 220 years in age and
are on average 25 m tall (Hadley et al., 2008; Urbanski et al., 2007). The invasive insect, the Hemlock
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woolly adelgid (Adelges tsugae), was first observed at this study site
in 2002. The ET of the hemlock-dominated area began to decrease
significantly in 2012, whereas the annual stream discharge started
to increase in 2013 due to the infestation (Kim et al., 2017).
Therefore, in this study, we focused on the period from 1992 to
2011 prior to the significant impact on ET fluxes by the ongoing
Hemlock woolly adelgid infestation.

2.2. Field Data

We used daily climate data (max and min temperatures and total pre-
cipitation; available from the LTER data archive; Boose, 2018a; Boose
& Gould, 2004) for both the phenology and ecohydrological models.
Additional meteorological data, such as atmospheric CO2 concentra-
tions, vapor pressure deficit, wind speed, and photosynthetically active
radiation, has been collected at two eddy-covariance flux towers at
Harvard Forest (Figure 1): the Environmental Measurement Site (EMS)
tower since 1991 (Munger & Wofsy, 2017) and the Hemlock (HEM)
tower since 2004 (Munger & Hadley, 2017). For the calibration and vali-
dation of the ecohydrological model, we used the daily stream dis-
charge data determined from water level measurements (Boose,
2018b). Water levels have been measured every 10 s since December
2007, and 15-min averaged water levels are then converted to stream
discharge using standard flow rating curves.

We compared the simulated gross primary productivity (GPP) and ET
with the data from the two towers (EMS and HEM). Details of the data
processing of the flux data (i.e., quality control, flux corrections, and
gap-filling) are described elsewhere (Barford, 2001; Urbanski et al.,
2007). For the EMS tower data, we used the gap-filled hourly GPP esti-
mates, and we filled short-term (≤2 hr) gaps in the ETmeasurements via
linear interpolation, while leaving longer (>2 hr) gaps unfilled. For the
HEM tower data, we used the half-hourly GPP and ET data from only the
evergreen forest-dominated upwind area (the compass directions of
180 to 270°), and short-term gaps were filled via linear interpolation.
The two tower data have been shown to represent the carbon and
water fluxes of each plant biome type: a deciduous broadleaf forest
by the EMS tower and an evergreen coniferous forest by the HEM tower
(Keenan et al., 2013). From the hourly (or half-hourly) data, we calcu-

lated the daily GPP (g C/m2) and ET (mm) for the days without any gap and removed GPP and ET on rainy
days (and the days immediately after the rainy days) to prevent rainfall-associated biases (Loescher et al.,
2005). We also used ground measurements (leaf area index [LAI], soil respiration, and soil temperature) that
have been collected in transects within the area where each plant biome type dominates (Figure 1). The list of
all data sets used in this study is in Table S1, and all data sets are available through the Harvard Forest Data
Archive (http://harvardforest.fas.harvard.edu/harvard-forest-data-archive).

2.3. Leaf Observations and the Phenology Models

We estimated spring and autumn phenology indices (PIs) using data from 20 years of visual leaf observations
(O’Keefe, 2015). Details of the leaf observations are described elsewhere (Keenan et al., 2014; Richardson
et al., 2009). We used the data only of the two dominant deciduous hardwood species (red oak and red
maple) located within 2 km of the EMS tower (three stands for each species; n = 6). The spring PI was defined
from 0 (no budburst) to 1 (leaves fully expanded) based on the percentage of leaf size relative to fully grown
leaves. The autumn PI varies from 1 (no color change) to 0 (complete coloration) based on the percentage of
leaves that have changed color. The daily PI was calculated by taking the median of the PIs of all monitored
trees on the same observation date.

Figure 1. A study catchment (red boundary) at the Harvard Forest in the north-
eastern United States. The aerial photo was taken in April 2009 before the
greenup (available at http://maps.massgis.state.ma.us) and clearly shows the
distribution of evergreen forest and woody wetlands (brown boundary; available
at http://harvardforest.fas.harvard.edu). Flux and ground data were measured at
two eddy-covariance flux tower (the Environmental Measurement Site, EMS,
tower at 42.5378°N, 72.1715°W in the right yellow triangle; the Hemlock tower
(HEM) at 42.5393°N, 72.1779°W in the left yellow triangle) and along ground
transects leading to each flux tower (yellow lines). Data are listed in Table S1.
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Using these PIs, we examined four types of sigmoidal logistical functions with different input variables to
determine the onsets of leaf greenup and senescence (Richardson et al., 2006). Daily mean temperature data
were used to calculate degree-day temperature sums (DD), including heating degree-day (HDD; degree-day
sums above 4°C since 1 January) and chilling degree-day (CDD; degree-day sums below 4°C since 15 August),
for each spring and autumn. The first phenological model only considered the day of year (DOY; i.e., x1 = DOY
in equation (1)), and the second model also had one variable (x1 = HDD or CDD for the spring or autumn,
respectively). The third model was based on both the DOY and one DD (x1 = DOY and x2 = HDD or CDD
for the spring or autumn, respectively), and the fourth model took all the variables into account for both
the spring and autumn (x1 = DOY, x2 = HDD, and x3 = CDD),

PI ¼ 1

1þ exp c0 � ∑ni¼1cixi
� � (1)

where xi is the independent variable (DOY, HDD, and CDD), n is the number of independent variables (i.e., 1 in
both first and second models and 2 and 3 in the third and fourth models, respectively), ci is the coefficient for
the variable, and c0 is the scale coefficient. We used these PIs for the first 10 years (1992–2001) to estimate the
coefficients in the four different models and then used the following 10 years (2002–2011) of the indices to
validate the calibratedmodels. The coefficients were calibrated using iterative least squares estimation (nlinfit
function in Matlab; The MathWorks, 2000). The best model was selected for greenup and senescence, respec-
tively, based on the coefficient of determination (R2) and the root-mean-squared-error (RMSE).

We used the curvature change of the phenology model to determine the timing of greenup and senes-
cence onsets, with the DOYs determined by the inflection points of the spring and autumn logistic mod-
els, respectively (Figure S1; Hwang, Song, Bolstad, et al., 2011; Hwang, Song, Vose, et al., 2011; Zhang
et al., 2003). The significance of the long-term trends in the greenup and senescence onsets was deter-
mined by Spearman’s Rho and Mann-Kendall tests. The onset DOYs of the greenup and senescence in
1992 (the beginning of the study period) were calculated from the long-term trends, as the initial
phenological states.

2.4. Distributed Ecohydrological Model

The Regional Hydro-Ecologic Simulation System (RHESSys) is a process-based distributed ecohydrological
model that simulates carbon, water, and nitrogen cycles at a watershed-scale (Tague & Band, 2004).
RHESSys integrates a number of biotic and abiotic processes from several submodels: MT-Clim to extrapo-
late plot-scale climate measurements to the landscape based on elevation, aspect, and slope (Running
et al., 1987), Biome-BGC to account for plot-scale carbon and water cycles (Running & Hunt Jr., 1993;
White et al., 2000), CENTURYNGAS to simulate long-term soil carbon and nitrogen processes (Parton
et al., 1993, 1996), and a Distributed Hydrology Soil Vegetation Model (DHSVM) to explicitly simulate
the lateral hydrologic flows following topographic gradients over landscapes (Wigmosta et al., 1994).
Besides the aboveground vertical fluxes (e.g., GPP and ET), carbon and nitrogen are also transported lat-
erally with both surface and subsurface lateral flows between adjacent patches (the simulation units) as
forms of dissolved organic and inorganic matter (Lin et al., 2015). RHESSys has been successfully applied
to simulate biogeochemical fluxes in a wide range of ecosystems and climate regions (Band et al., 2001;
Christensen et al., 2008; Hwang et al., 2008; Hwang et al., 2009; Tague & Grant, 2009; Tague et al., 2004;
Vicente-Serrano et al., 2015; Zierl et al., 2007).

The stream networks and catchment boundaries were delineated from a 30-m digital elevation model that
was created by resampling a 1-m light detection and ranging (LiDAR) bare-earth surface model (http://
www.mass.gov; Figure 1). We classified the forested landscapes into deciduous and evergreen forests using
an aerial photo taken at the end of a dormant season (April 2009; Figure 1). The wetland boundary was pro-
vided by the Harvard Forest LTER (Foster & Boose, 1999). Model parameters for soil physical characteristics
and vegetation physiological characteristics were taken from the literature and from on-site field measure-
ments (Tables S2 and S3; Dingman, 2009; National Resources Conservation Service, 2009). Initial soil carbon
and nitrogen stores were determined by spinning up the model for 500 years until it reached an equilibrium
state. Initial vegetation carbon and nitrogen stores were calibrated using a 30-m LAI measurements in August
2000 (Cohen et al., 2006) and allometric equations (Munger & Wofsy, 2018).
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We integrated the spring and autumn phenology models into the deciduous forest patches in RHESSys fra-
mework (30-m gridded patches). The model simulates the daily LAI value based on the fixed photosynthate
from the previous day and subsequent processes (e.g., allocation, water, or nutrient limitation; Tague & Band,
2004). The key hydrological model parameters (e.g., a saturated hydraulic conductivity at the surface and its
decay rate with soil depth at both vertical and lateral dimensions) were calibrated using the generalized like-
lihood uncertainty estimation (GLUE) method (Beven & Binley, 1992). Random parameter sets of 3,000 were
generated from uniform distributions of prescribed parameter ranges. Then, acceptable (often referred as
“behavioral”) parameter sets were selected based on the Nash-Sutcliffe efficiency (Nash & Sutcliffe, 1970)
for log-transformed daily stream discharge (NSElog threshold of 0.65), which emphasizes the model perfor-
mance at low flow periods when vegetation water use is tightly coupled with soil moisture dynamics (calibra-
tion period: May 2008–April 2010). The behavioral model runs were evaluated with three performance
measures: NSE, NSElog, and RMSE. We also validate the behavioral model runs using field measurements
(stream discharge data of May 2008–April 2012, daily GPP and ET from the two towers, and ground-measured
LAI and soil respiration) in the deciduous and evergreen forests, respectively, using performance measures

such as r2, RMSE, and percent bias (PBIAS =
∑
n

i¼1
Yobs
i �Ysim

ið Þ�100�
∑
n

i¼1
Yobs
i

, where n is the number of data) each year.

2.5. Model Implementations With “Static” and “Dynamic” Phenology Schemes

The model was implemented at a daily scale under two phenology schemes, “static” and “dynamic,”with the
same climate data and the hydrological/ecophysiological parameters (Tables S2 and S3). These twomodeling
schemes were designed to separate phenological and climatic controls on the key carbon and water fluxes
within our modeling framework. Under the static phenology scheme, the model was run with the fixed
greenup and senescence onsets (initial year on the long-term trend) without any interannual variation.
Under the dynamic phenology scheme, the model was run with the interannually variable greenup and
senescence onsets from the integrated phenology model. The model parameters were calibrated only under
the static phenology scheme, assuming that hydrologic parameters do not change with different vegetation
dynamics. Daily-scale model implementation allowed us to capture the resultant changes in the fluxes due to
the difference in the phenology onsets by a few days.

First, we assessed the long-term increases in annual GPP and ET of the deciduous forest under the two phe-
nology schemes (ΔGPP, ΔET in calendar year), validated using the tower-based GPP estimates. We also
checked whether there was a long-term trend in the difference of the simulated catchment discharge (ΔQ)
by comparing the dynamic and static phenology simulation results at a vegetation year basis. Vegetation
year (from May to April of the following year in this study) has been known as an effective way to minimize
the effect of soil water storage changes (Troch et al., 2009), when analyzing annual-scale water mass balance
(Hwang et al., 2014, 2018; Kelly et al., 2016; Patric & Reinhart, 1971). We then examined the correlation
between the phenological variations (greenup and senescence) and the net annual flux changes (ΔGPP,
ΔET, and ΔQ) using an ordinary least-squared regression to examine the phenological controls on the key flux
variables. We further analyzed the effect of the greenup and senescence onset variations on the hydrologic
fluxes (i.e., ΔET and ΔQ) during each season: early GS (April–July), late GS (August–November), and dormant
season (December–March of the following year).

3. Results
3.1. Phenology Model Performance

The first and second phenology models (one independent variable: DOY, DD) indicated excellent although
somewhat poorer performances than other models (R2 = 0.920–0.980 and 0.956–0.962 for the spring and
autumn, respectively; Figure S2). The third model (two independent variables: DOY and either HDD for the
spring or CDD for the autumn) provides the best fit, accounting for more than 97% of the variation in the
observed phenology (R2 = 0.982 and 0.973 for the spring and autumn, respectively). There was no apparent
improvement in the model performance when using all the variables (the fourth model; R2 = 0.981 and 0.960
in the spring and autumn, respectively).

During the study period, the simulated greenup and senescence onsets were between DOY 131 and 156
(median: 144), and between DOY 275 and 288 (median: 281), respectively (Figure 2). Significant long-term
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trends were found in both timings, with a 5.1-day earlier greenup onset
per decade (p< 0.01) and a 3.0-day delayed senescence onset per dec-
ade (p < 0.05). There was no significant correlation between the
greenup and senescence onsets (p > 0.05). For the long-term trends,
the greenup and senescence onsets in 1992 were DOY 149 and 278,
respectively, which were the phenological dates used for the static
phenology scheme.

3.2. Ecohydrological Model Performance

The simulated daily GPP for the deciduous forest (dynamic phenology)
matched well with the tower-based estimates throughout the study
period (r2 = 0.88–0.95, RMSE = 1.05–1.85 g C · m�2 · day�1,
PBIAS< ±14.6%; Figure 3). The simulated daily ET of the deciduous for-
est (dynamic phenology) also agreed well with the tower measure-
ments (r2 = 0.69–0.91, RMSE = 0.35–1.15 mm/day, PBIAS < ±17.3%;
Figure 4). These RHESSys model performances under the dynamic phe-
nology scheme consistently improved as compared to model runs
under the static phenology scheme (r2 = 0.85–0.94, RMSE = 1.15–
2.07 g C · m�2 · day�1, PBIAS < ±20.9% for GPP; r2 = 0.70–0.89,
RMSE = 0.36–1.15 mm/day, PBIAS < ±19.8% for ET). In particular, the
performance improvements (higher r2 and lower RMSE) under the
dynamic phenology scheme were noticeable when the greenup onsets

Figure 2. Phenological timing (greenup and senescence as day of year, DOY)
and their long-term trends from 1992 to 2011 (black solid line). The long-term
trend and its significance (asterisk) were calculated using Spearman’s Rho test
and Man-Kendall test.

Figure 3. (a) Simulated (grey area) andmeasured (black dots) daily gross primary productivity (GPP) of the deciduous forest
under the dynamic phenology scheme. The grey areas represent 95% confidence intervals from the behavior model
runs (n = 146). (b) Statistics associated with the simulation under the dynamic (green) and static (blue) phenology schemes
in each year (r2 in symbol and RMSE in bar).
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began very early (e.g., 2010; Figures 3b and 4b). The model also well simulated the daily GPP and ET from the
evergreen forest (r2 = 0.87–0.98, RMSE = 0.23–0.63 g C · m�2 · day�1, PBIAS < ±7.1% for GPP; r2 = 0.75–0.96,
RMSE = 0.29–0.79 mm/day, PBIAS < ±22.5% for ET; for a seven-year period; Figure S3). The simulated mean
annual GPP was about 1487.9 ± 188.1 and 1199.7 ± 124.4 g C · m�2 · year�1 at the deciduous (dynamic phe-
nology) and evergreen forests, respectively. The simulated mean annual ET was about 660.4 ± 50.4 and
591.0 ± 53.5 mm/year at the deciduous (dynamic phenology) and evergreen forests, respectively.

The model (dynamic phenology) also well simulated the deciduous forest LAI (r2 = 0.78–0.97, RMSE = 0.43–
1.15 m2/m2, PBIAS < ±20.1%; Figure S4). The measured LAI was 4.6 ± 0.41 m2/m2 between July and August
during the study period, where about half of the interannual variations in the summer LAI was accounted for
by the model (r2 = 0.48, RMSE = 0.23 m2/m2). The simulated LAI under the dynamic phenology scheme
agreed better with the field measurements than the simulated ones under the static phenology scheme
(r2 = 0.76–0.93, RMSE = 0.57–1.11 m2/m2, PBIAS < ±21.8%). The measured LAI at the evergreen forest (4.2
and 4.7 m2/m2 in 2008 and 2009 August, respectively) was also close to the simulated LAI (4.5–4.6 m2/m2;
Figure S4). The simulated soil respiration has relatively good agreement with the field measurements at both
the deciduous (dynamic phenology) and evergreen forests (r2 = 0.63–0.83, RMSE = 0.71–
1.40 g C · m�2 · day�1, PBIAS< ±23.3%; Figure S5). Incorporation of the dynamic phenology slightly improved
the soil respiration simulations at the deciduous forest, as compared to the static phenology scheme
(r2 = 0.59–0.80, RMSE = 0.85–1.42 g C · m�2 · day�1, PBIAS< ±23.6%). The simulatedmean annual soil respira-
tion was about 823.2 ± 77.7 and 427.8 ± 48.35 g C/m2 at the deciduous (dynamic phenology) and evergreen
forests, respectively.

Figure 4. (a) Simulated (grey area) and measured (black dot) daily evapotranspiration (ET) of the deciduous forest under
the dynamic phenology scheme. The grey areas represent 95% confidence intervals from the behavior model runs
(n = 146). (b) Statistics associated with the simulation under the dynamic (green) and static (blue) phenology schemes in
each year (r2 in symbol and RMSE in bar).
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In addition to the plot-scale variables, the model also showed good
performance in simulating the catchment discharge (Figure 5; 146
behavioral model runs). The model (dynamic phenology) generally
simulated low flows better (NSElog = 0.692 and 0.644 for calibration
and validation, respectively; Table 1) than for high flows (NSE = 0.461
and 0.423), which may be partially due to the somewhat inaccurate
simulations in snow accumulation and melt timing in the springs of
2009 and 2011 (Figure 5a). The RMSE for the daily discharge was less
than 1 mm for both calibration and validation periods (0.91 and
0.97 mm, respectively; PBIAS of 11.6% and 16.2%). Even without further
calibrations, the measured data were matched with the simulated daily
discharge slightly better under the dynamic phenology scheme than
under the static phenology scheme (NSElog = 0.671 and 0.632;

Figure 5. (a) Simulated (grey area) and measured (black line) daily catchment discharge (Q) of the study catchment under
the dynamic phenology scheme (linear-scale on top; log-scale on bottom). The grey areas represent 95% confidence
intervals from the behavior model runs (n = 146). (b) Exceedance probabilities (%) of the simulated Q under the dynamic
and static phenology scheme, respectively (grey area), and that of the measured Q (black line).

Table 1
The Performance Measures of the Catchment Discharge Simulation Under the
Dynamic and Static Phenology Schemes During the Validation Period (May 2010
to April 2012)

Phenology scheme NSE NSElog RMSE PBIAS

Dynamic 0.423 0.644 0.97 16.2%
Static 0.381 0.632 0.98 16.5%

Note. Three measures (NSE: Nash-Sutcliffe efficiency, NSElog: Nash-Sutcliffe
efficiency for log-stream discharge, RMSE: the root-mean-squared-error, and
PBIAS: percent bias) indicate that the model performed better with the
dynamic phenology scheme. Note that these are the median values of the
behavioral model runs (n = 146).
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NSE = 0.453 and 0.381; RMSE = 0.91 and 0.98 mm/day; PBIAS = 11.9% and 16.5% for calibration and
validation, respectively; Table 1 and Figure 5b).

3.3. Implications of the Phenological Changes

The simulated annual GPP and ET of the deciduous forest significantly increased over the study period, which
were mostly attributed to climate forcing and vegetation response to it (i.e., under the static phenology
scheme; 235.2 g C/m2 and 57 mm increases per decade, 18.8% and 9.5% increases, respectively; both
p< 0.001; Figures 6a and 6b). However, the increasing rate of the simulated GPP was much smaller than that
of the tower-based estimates (361.3 g C/m2 per decade, 28.9%). When the dynamic phenology scheme was
integrated, not only were the rate comparisons better (303.2 g C/m2 and 81 mm increases per decade, 24.2%
and 13.5% increases, respectively; both p < 0.001), but the interannual variation was also better accounted
for (r2 = 0.81 and 0.65 under the dynamic and static phenology schemes, respectively; inset of Figure 6a).
Meanwhile, for the evergreen forest, the simulated annual GPP and ET increased by 218.3 g C/m2 and
85 mm per decade (21.8% and 17.1% increases, respectively; p < 0.001). Within our unified modeling frame-
work, the phenological changes of the deciduous forest reduced the catchment annual discharge by 6.1 mm
per decade as compared to that estimated with the static phenology scheme (p < 0.01; Figure 6c).

The greenup and senescence onset variations appeared to have asymmetrical effects on the interannual flux
changes revealed by our model results (Figure 7). The greenup variation significantly affected the annual GPP
and ET as well as the catchment discharge, whereas the senescence onset variations induced little change.
Earlier greenup onset significantly increased GPP by 10.6 g C/m2 per day (r = �0.93, p < 0.001) as well as
ET by 3.9 mm (r = �0.94, p < 0.001), while catchment discharge was decreased by 1.1 mm (r = 0.92,

Figure 6. (a and b) Simulated annual gross primary productivity (GPP) and evapotranspiration (ET) of the deciduous forest
under the dynamic and static phenology schemes (green and blue areas, respectively) and their long-term trends
(solid lines in each color and significance in asterisk). Each area represents 95% confidence intervals from the behavioral
model runs (n = 146). The gap-filled tower GPP data were compared to the simulated GPP under the two phenology
schemes (a-insert). (c) Change in the catchment discharge due to the phenological changes (ΔQ in bar) and its long-term
trend over the 20-year study period (light blue solid line, significance values indicated with asterisks).
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p< 0.001). Later senescence onset displayed similar effects (i.e., increases in GPP and ET and a decrease in the
catchment discharge), but the magnitude was about half and not significant (p > 0.05).

Within our modeling framework, the effect of the variations in the greenup onset of the deciduous forest on
the ET and the catchment discharge varied between seasons (Figure 8). Earlier greenup onset significantly
increased the ET during the early GS (April–July) by 3.9 mm per day (r = �0.97, p < 0.001), while decreasing
catchment discharge by 0.7 mm (r = 0.74, p < 0.001). On the other hand, during the late GS (August–
November), the greenup variation had weak and not significant effects on both the ET and catchment dis-
charge (p > 0.05). Interestingly, during the following dormant season (December–March), the changes in
catchment discharge (ΔQ) was again significantly correlated with the greenup onset variation, with a

Figure 7. Net effects of greenup and senescence variations on changes in the annual GPP and ET changes of the deciduous
forest (ΔGPP and ΔET) and in the annual catchment discharge (ΔQ). ΔGPP, ΔET, and ΔQ are the differences between
the dynamic (the interannually variable greenup and senescence timings) and static (fixed greenup and senescence
timings from 1992) phenology schemes under the same climatic conditions. A linear least squares regression was applied
to estimate the best relationship (solid line) with the slope, correlation coefficient (r), and significance shown (***p< 0.001,
**p < 0.01, *p < 0.05).
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decrease of 0.5 mm per earlier greenup onset day (r = 0.73, p< 0.001). The variations in the senescence onset
were not correlated with any of the flux changes above (p > 0.05; not shown here).

4. Discussion

In this study, we examined the net effect of phenological changes on the long-term and interannual carbon
and water fluxes (GPP and ET) in a temperate deciduous forest and scaled the plot-scale dynamics up to the
catchment-scale stream discharge behavior at a mixed deciduous-conifer study watershed (Figure 1). We
integrated spring and autumn phenology models into the mechanistic watershed ecohydrological model
and separated the dominant climatic controls by implementing the model under the “static” and “dynamic”
phenology schemes. During the study period (1992–2011), the onsets of greenup and senescence were sig-
nificantly advanced and delayed, respectively (Figure 2). The daily simulations at both the plot (GPP, ET, LAI,
and soil respiration) and catchment (stream discharge) scales were improved once the dynamic phenology
was incorporated, as compared to results under the static phenology scheme (Figures 3–6, Table 1, and
Figures S4 and S5). The phenological changes accounted for both long-term and interannual variations in
the annual GPP and ET (Figure 6). In particular, earlier greenup onset was significantly correlated with inter-
annual variations in GPP and ET, while delayed senescence onset had little influence (Figure 7). At the catch-
ment scale, earlier greenup onset reduced stream discharge not only during the GS but also throughout the
following dormant season (Figure 8).

Our results show that the warming-induced phenological variations have amplified the long-term trends in
the GPP and ET driven by climatic controls. The daily ET increased promptly along with the greenup onset
(Figure 4) because soil water is usually plentiful after the recharge during dormant season at the study site
(Urbanski et al., 2007). The enhanced vegetation water use during the early GS led to higher soil water deple-
tion (i.e., lower water table depth during the late GS in Figure S6), therefore reducing catchment discharge
throughout the GS (Figures 8a and 8b). However, the late GS ET was not suppressed by the increased soil
water depletion (i.e., little correlation with the greenup onset variation), but rather increased (Figure 8b).
This suggests that the stomatal conductance was not strongly constrained by soil moisture even toward
the end of GS, either because it rarely dropped below critical value or the water table was shallow enough
that trees with deep roots can access it (Urbanski et al., 2007). The increases in the late GS ET might be
accounted for the enhanced photosynthesis and subsequent increases in LAI by earlier greenup onset,
known as “a positive lagged effect” (Richardson et al., 2010). For instance, greenup onset 18 days earlier in

Figure 8. Net effects of greenup variations on the changes in the deciduous forest ET (ΔET, blue circle) and the catchment discharge (ΔQ, light blue square) during
(a) early growing season (GS; April to July), (b) late GS (august to November), and (c) following dormant season (December to March). The ΔET and ΔQ are
the differences between the dynamic and static phenology schemes under the same climatic condition.
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2010 led to a 0.38 higher GS LAI than the LAI under a static phenology scheme, which was accompanied by
an increase in the late GS ET by 3.92 mm, where senescence onset delay by 2.6 days could only account for
0.92 mm (p > 0.05; Figure 7). Meanwhile, an extended canopy duration by the delayed senescence had little
influence on the annual GPP and ET, as well as the catchment discharge in general. This might be attributed
to other constraints, such as temperature or photoperiod, exerting dominant controls on photosynthetic
activity at this time of year (Barichivich et al., 2013; Bauerle et al., 2012; Urbanski et al., 2007). This would lead
to decoupling of the canopy duration and the stomatal dynamics, resulting in the asymmetric flux profiles
between the early and late GS. Note that strong photoperiod regulation during the late GS was also captured
in the phenology model calibration. The autumn phenology model with DOY (i.e., day length) showed a
higher accuracy than the one with temperature, while the spring phenology model was opposite (Figure S2).

The importance of phenological controls on the watershed-scale hydrologic behavior has long been sug-
gested by several studies (Richardson et al., 2013; Thompson et al., 2011), but, to date, few studies have
assessed its net effect within a unifiedmodeling framework using both plot- and catchment-scale data. In this
study, we showed that integrating dynamic phenology improved the simulation results not only at the plot-
scale but also for catchment-scale discharge dynamics. Both high and low flows were better simulated once
dynamic phenology was incorporated, and enhanced vegetation water use during the GS resulted in lower
stream discharge throughout the following dormant season. Our study also showed that the effect of the
phenological variations on catchment discharge was damped relative to its effect on the plot-scale ET due
to the mixed deciduous-conifer forest cover in this study catchment. This implies that changes in stream dis-
charge might be quite different between watersheds depending on the forest compositions and lateral inter-
actions within each watershed.

The role of vegetation dynamics on the hydrological regime changes in the eastern United States has been
discussed by both hydrology and terrestrial ecology communities (Huntington, 2010; Huntington et al., 2004;
Richardson et al., 2013). However, these effects, especially at a seasonal scale, are also greatly affected by a
wide variation in short- and long-term hydroclimate variability and their transient effects on soil moisture
dynamics (Nippgen et al., 2016). After separating the effects of climatic variation from those of phenology
within the unified modeling framework, the variation in greenup onset appears to have a lagged effect on
the watershed discharge, not just during the GS but throughout the year with a different magnitude each
season. The stream discharge reduces most with earlier greenup onset during the early GS periods and least
during the following dry periods (i.e., the late GS). The effect of increased soil water depletion during the GS
on streamflow dynamics was carried over throughout the following dormant season, often referred as a
“memory effect” of watershed systems (Nippgen et al., 2016; Scaife & Band, 2017). The earlier greenup onset
in 2010 (by 18 days) resulted in lower water table depth by 200 mm (12.9%; Figure S6). This study therefore
suggests that greenup onset can be an effective diagnostic of hydrologic regime changes, especially in decid-
uous forests in this region.

It is worthwhile to note that not all watersheds would have clear links between GS dynamics and
carbon/water fluxes. In the eastern United States, precipitation is relatively evenly distributed throughout a
year, and shallow soil moisture is a primary source for both ET and surface runoff in forested watersheds
(Hewlett & Hibbert, 1963). These abiotic factors may have resulted in tight coupling between GS dynamics
and associated hydrological processes as shown this study. However, such transient responses of streamflow
to GS dynamics may be prevailed in the watersheds where deep groundwater flow is the dominant runoff
generation mechanism (Tague, 2009; Tague et al., 2008) or where subsurface flows are seasonally decoupled
with vegetation water use (i.e., transpiration) due to a seasonally dry climate (Renée Brooks et al., 2010). In
water-limited ecosystems, in particular, several studies reported that a positive lagged effect of earlier
greenup onset on carbon uptake (therefore presumably ET as well) during the early GS can be diminished
or even offset by the increased soil water deficit toward the late GS (Angert et al., 2005; Hu et al., 2010;
White & Nemani, 2003; Yu et al., 2018). This suggests that stomatal response to drought stress would also
decouple canopy duration dynamics with vegetation carbon uptake and its water use as well as with the
watershed stream discharge in an annual-scale.

Our results suggest that warming-induced earlier greenup onsets may have partially mitigated the ongoing
increases in stream discharge in the northeastern United States, which have been mainly attributed to the
warming-induced changes in precipitation patterns (e.g., intense rainfalls and increased amount;
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Huntington & Billmire, 2014; Weider & Boutt, 2010). Given that the advance in the greenup onset is expected
to continue with the ongoing climate change (Migliavacca et al., 2012; Richardson et al., 2013), the projected
higher streamflow in winter and spring (Hayhoe et al., 2007) may in part be lessened by increased soil water
depletion inherited from earlier greenup onsets in the previous GS. For a better prediction of future hydro-
logic regime changes in the region, it is important to improve our understanding of the hydrologic nonsta-
tionarity attributed to the phenological changes at both seasonal and decadal time scales.

5. Conclusion

In this study, we separated the phenological and climatic controls within a unified ecohydrological modeling
framework and assessed the net effects of earlier greenup and delayed senescence onsets on the GPP and ET
of a deciduous forest, as well as on the stream discharge of the larger mixed-forest catchment, in the north-
eastern United States. We showed that the long-term increases in the annual GPP and ET of the deciduous
forest have been amplified due to the phenological changes over the last two decades. Earlier greenup
onsets have significantly reduced the catchment discharge, which persists through the following dormant
season due to inherited soil water depletion from the previous GSs. However, senescence onset variations
were not found to be a significant factor of the interannual variations in those fluxes.

Recent global-scale remote sensing data sets (e.g., GIMMS NDVI3g and MODIS) now provide unique
opportunities to effectively monitor vegetation phenological changes across different regions, in which
emergent changes in the watershed-scale hydrologic behavior may be accounted for by the vegetation
dynamics (Hwang et al., 2018). The nonstationary behavior of watersheds may have a great impact on
the generation of the surface water, which serves as primary sources of clean freshwater to adjacent
urban areas, for example, in the eastern United States. Given the ongoing changes in vegetation phenol-
ogy and its consequent effect on the carbon and water cycle dynamics, further research is needed to pre-
dict the changes in the amount and timing of freshwater yield and accompanying nutrient exports in
those regions. Our study highlights the need for improvements in our understanding of the terrestrial
ecosystem response to changing climate and clarification of its feedback effect on long-term and seaso-
nal hydrologic regime changes.
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2. Leaf observation (size and colora-
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edu/data/p00/hf003/hf003-03-
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3. Stream discharge data (Figure 5)
http://harvardforest.fas.harvard.
edu/data/p07/hf070/hf070-03-
daily.csv

4. Flux tower data (GPP, ET, atmo-
spheric CO2 concentration, vapor
pressure deficit, wind speed, and
photosynthetically active radia-
tion)
EMS tower (Figures 3a, 4a, and 6a)
http://harvardforest.fas.harvard.
edu/data/p00/hf004/hf004-01-
final.csv
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edu/data/p00/hf004/hf004-02-
filled.csv
HEM tower (Figure S3a)
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edu/data/p10/hf103/hf103-03-
flux-2004-2013.csv

5. Ground-measured data (LAI and
soil respiration)
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Coniferous forest (Figures S4c and
S5b)
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hem-lai.csv
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hem-soil-respiration.csv

6. LiDAR bare-earth surface model
https://docs.digital.mass.gov/data-
set/massgis-data-lidar-terrain-data

7. Aerial photo in April 2009
(Figure 1)
https://www.mass.gov/anf/
research-and-tech/it-serv-and-sup-
port/application-serv/office-of-
geographic-information-massgis/
datalayers/colororthos2008.html

8. Wetland boundary (Figure 1)
http://harvardforest.fas.harvard.
edu/data/p11/hf110/hf110-01-gis.
zip

9. RHESSys model
Source code: https://github.com/
RHESSys/RHESSys
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