Variable streamflow response to forest disturbance in the western US:
A large-sample hydrology approach

S. A. Goeking! and D. G. Tarboton?

'Dept. of Watershed Sciences, Utah State University; and USDA Forest Ser-
vice, Rocky Mountain Research Station, Forest Inventory & Analysis Program,
Ogden, Utah, USA

2Utah Water Research Laboratory, Utah State University, Logan, Utah, USA

Corresponding author: Sara A. Goeking (sara.goeking@usda.gov)

Key Points:

o Large-sample analyses found that while streamflow often increased follow-
ing forest disturbance, it decreased in some watersheds.

e The direction of streamflow response to forest disturbance (increase vs.
decrease) is dependent on aridity.

o Forest disturbance is more likely to occur, and more likely to result in
decreased streamflow, in very arid watersheds than in wet ones.

Abstract

Forest cover and streamflow are generally expected to vary inversely because re-
duced forest cover typically leads to less transpiration. However, recent studies
in the western US have found no change or even decreased streamflow follow-
ing forest disturbance due to drought and insect epidemics. We investigated
evidence for cases where forest cover loss leads to decreased streamflow using
hydrologic, climatic, and forest data for 159 watersheds in the western US from
the CAMELS dataset. Forest change and disturbance were quantified in terms
of net tree growth (total growth volume minus mortality volume) and mean
annual rate of tree mortality, respectively, from the US Forest Service’s Forest
Inventory and Analysis database. Annual water budget components were ana-
lyzed using multiple methods: Mann-Kendall trend analysis, time trend analysis
to quantify change not attributable to precipitation and temperature, and mul-
tiple regression. Many watersheds exhibited decreased annual streamflow even
as forest cover decreased. Time trend analysis identified decreased streamflow
not attributable to precipitation and temperature changes in many disturbed
watersheds, yet streamflow change was not consistently related to disturbance,
suggesting that factors other than disturbance, precipitation, and temperature
are driving streamflow changes. Finally, multiple regression analysis indicated
that although change in streamflow is positively related to tree mortality, the di-
rection of this effect is dependent upon aridity. Specifically, forest disturbances
in wet, energy-limited watersheds (i.e., where potential evapotranspiration is
less than precipitation) tended to increase streamflow, while post-disturbance
streamflow more frequently decreased in dry water-limited watersheds (where
the potential evapotranspiration to precipitation ratio exceeds 2.35).
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Plain Language Summary

Forest disturbance is typically expected to lead to increased runoff, and therefore
more water available for aquatic ecosystems and people, because loss of forest
vegetation results in less water being taken up and transpired by plants. We
examined streamflow and forest change in 159 watersheds in the western U.S. to
test this expectation. We found that not all disturbed watersheds experienced
increased streamflow. Very dry watersheds were more likely to produce less
runoff following forest disturbance.

1. Introduction

Based on decades of research, forest cover and streamflow are generally expected
to vary inversely (Andréassian, 2004; Bosch and Hewlett, 1982; Hibbert, 1967;
Troendle, 1983). Such research is based on a combination of paired watershed
experiments (e.g., Brown et al., 2005; Moore et al., 2020), post-hoc analysis of
streamflow data in unpaired watersheds where streamflow can be modeled as
a function of climatic observations (e.g., Biederman et al., 2015; Zhao et al.,
2010), and simulation modeling that encompasses various levels of complexity
(e.g., Bennett et al., 2018; Buma and Livneh, 2015; Sun et al., 2018). The
mechanism behind the inverse relationship between forest cover and stream-
flow includes a combination of reduced interception, reduced evaporation of
canopy-intercepted precipitation, and reduced canopy transpiration following
forest cover loss (Adams et al., 2012; Hibbert, 1967; Pugh and Gordon, 2012).
Conversely, forest recovery or afforestation are assumed to increase total transpi-
ration and evaporative losses of canopy-intercepted precipitation, thus leading
to decreased runoff (Andréassian, 2004; Hibbert, 1967).

However, contrary to the widely held hypothesis of an inverse relationship be-
tween forest cover and streamflow, observed streamflow changes following recent
forest disturbances have been variable in magnitude and direction (Boisramé et
al., 2017; Goeking and Tarboton, 2020; Slinski et al., 2016). Over the past two
decades, widespread but low- to moderate-severity forest disturbance has oc-
curred as a result of drought stress, insect epidemics, and disease epidemics, as
well as altered wildfire regimes (Adams et al., 2012; Williams et al., 2013). While
numerous studies of runoff response to forest change have focused on site-specific
treatments (e.g., harvest, planting) or severe disturbance (e.g., stand-replacing
wildfire) in one or two small watersheds, far fewer studies have examined lower
severity disturbances across broader geographic areas. Response to less severe
forest disturbances may fundamentally differ from severe, stand-replacing distur-
bances due to their different effects on energy balances affecting snowpack and
soil moisture as well as different transpiration rates for pre-disturbance versus
post-disturbance vegetation (Adams et al., 2012; Pugh and Gordon, 2012; Reed
et al., 2018). Recent tree die-off across western North America has provided the
opportunity to examine streamflow responses to disturbance that is less severe
but more widespread than the forest changes considered in most previous forest
hydrology studies (Adams et al., 2012). Studies based on both observations
(Biederman et al., 2015, 2014; Guardiola-Claramonte et al., 2011) and simula-



tions (Bennett et al., 2018) have found unexpected post-disturbance decreases
in streamflow. Thus, streamflow response to disturbance at broader scales may
not reflect hypotheses developed from study of small watersheds (Andréassian,
2004).

Most exceptions to the inverse relationship between forest cover and streamflow
occurred as post-disturbance decreases in streamflow, typically either at low
latitudes and south-facing aspects where aridity and incoming solar radiation
are high and/or where tree canopies were replaced by rapid growth of dense
grasses or shrubs (Bennett et al., 2018; Goeking and Tarboton, 2020; Guardiola-
Claramonte et al., 2011; Morillas et al., 2017). Although such findings are
anomalous in the larger context of decades of forest hydrology research, they
highlight alternative hypotheses to the inverse relationship between forest cover
and streamflow. One such alternative hypothesis is that although streamflow
typically increases following forest disturbance, post-disturbance conditions that
lead to increased evaporation (i.e., increased energy at snowpack or soil surface)
or increase transpiration (i.e., replacement of sparse trees with dense shrubs)
may lead to a reduced streamflow response.

A challenge in testing such hypotheses is the need to balance breadth with depth,
i.e., gathering fine-scale observations from individual watersheds versus coarser
observations from many watersheds (Gupta et al., 2014). Large-sample hydrol-
ogy can complement fine-scale studies of individual small watersheds by identi-
fying broad-scale patterns in streamflow response to forest disturbance. Fine-
scale studies have produced useful information about the response of streamflow
(e.g., Biederman et al., 2015; Guardiola-Claramonte et al., 2011), snowpack (e.g.,
Broxton et al., 2016; Moeser et al., 2020), and individual ecohydrological pro-
cesses to forest change (e.g., Biederman et al., 2014; Reed et al., 2018). In
contrast, large-sample hydrology can evaluate hypotheses across many water-
sheds to identify circumstances that conform to or deviate from hypothesized
relationships (Addor et al., 2019; Gupta et al., 2014; Newman et al., 2015). An-
other challenge is accounting for the effects of climate variability in streamflow
assessments, such that the effects of vegetation change on streamflow are not
confounded with climate effects. To address this challenge, quantitative mod-
els of streamflow response to vegetation change often include precipitation and
temperature as explanatory variables (Zhao et al., 2010).

In this study, we used a large sample of catchments to test hypotheses about
the direction of runoff response following forest disturbance in semi-arid catch-
ments. Observations consisted of streamflow, vegetation, and climate data,
which allowed us to account for streamflow changes related to variability in
precipitation and temperature and thus disentangle climate from vegetation ef-
fects. Based on previous studies finding exceptions to the inverse relationship
between forest cover and streamflow, we developed two alternative hypotheses.
First, post-disturbance runoff in catchments conforms with the commonly held
paradigm that runoff increases with tree mortality or reductions in net growth.
Second, an alternative hypothesis is that in watersheds with higher aridity and



incoming solar radiation, runoff is more likely to decrease or not change than in
watersheds with lower aridity and solar radiation.

1. Data and Methods

We combined data from the CAMELS large-sample hydrology dataset
(CAMELS; Addor et al., 2017) and the US Forest Service’s Forest Inventory
and Analysis (FIA) forest monitoring dataset (Bechtold and Patterson, 2005)
to answer four questions (Table 1). The ability of each question’s analytical
framework to disentangle climatic from forest disturbance effects on streamflow
successively increases from the first to the fourth question. For analyses that
do not explicitly permit such disentangling, we interpret the results in the
context of factors that were not included in the analysis (Table 1).

Table 1. The four questions addressed in this study, the analytical
framework used to address each question, and the variables included
in the analysis. Q=streamflow; P=precipitation; PET=potential
evapotranspiration; T=temperature.

@ >p(-4) * >p(-4) * >p(- 4) * @ Question & Analytical framework &
Variables analyzed

1. To what extent and where is there a consistent trend in annual Q, Q/P,
P, PET, and T, regardless of forest change effects?

& Mann-Kendall trend tests (univariate) & Annual Q, Q/P, P, PET, and T

1. To what extent and where do trends in runoff ratio and forest density
demonstrate an inverse relationship?

& Trend in Q/P vs. net tree growth & Trend (Kendall’s Tau) in annual Q/P;
net tree growth

1. To what extent has streamflow changed in watersheds with substantial
forest disturbance?

& Time trend analysis (comparison of observed vs. predicted Q) & Annual Q,
P, and T; disturbance (disturbed/not disturbed)

1. How well does the severity of forest disturbance, and the interaction of
disturbance severity with aridity, predict change in streamflow?

& Multiple regression & Annual Q, P, T; tree mortality; aridity (PET/P)

1. Data sources

(a) Streamflow and climate data



Watersheds were selected from the CAMELS dataset, which was compiled for
watersheds that have little or no known land-use change and whose streamflow
is relatively unimpacted by storage or diversions (Addor et al., 2017). However,
watersheds in the CAMELS dataset have been subject to disturbance from wild-
fire and other causes of tree mortality that have been quantified by FIA. From
the entire CAMELS dataset, we constrained our analysis to watersheds in the
western US for which we could obtain estimates of forest characteristics from the
FIA dataset. Then we removed watersheds where runoff ratio was calculated
as larger than 1.0 (runoff greater than precipitation) in any one year, which
indicates an impossible water budget and where data is presumed to be in error.
Precipitation and streamflow data within the CAMELS dataset were derived
from Daymet climate data and USGS streamflow gages, respectively (Addor et
al., 2017), and these separate data sources do not impose constraints of water
budget closure. These constraints yielded 159 watersheds (Fig. 1) with a wide
range of physical and land cover characteristics (Table 2). Given the criteria
for inclusion in the CAMELS dataset (Addor et al., 2017), we assumed that
stream gauges for each watershed quantify actual runoff, and that withdrawals,
transfers, and changes in storage are negligible.

Table 2. Characteristics of 159 watersheds used in this study. Values
are summarized from CAMELS attributes (Addor et al., 2017).

Area (km?) Mean slope (m/km) Mean elevation (m) Runoff ratio P (mm/yr)
Median 238 92.8 1,613 0.419 822
Mean 649 92.0 1,650 0.409 1,062
Standard deviation 1,454 35.3 882 0.241 674

The CAMELS dataset includes daily time series of climatic variables and stream-
flow as well as time-averaged catchment characteristics. Daily time series rep-
resent water years 1980-2014, while long-term hydrologic and climatic indices
are calculated on the basis of water years 1990-2009 because this period con-
tains minimal missing streamflow observations (Addor et al., 2017). We used
temporally averaged variables representing basin characteristics such as mean
incoming solar radiation (SRAD), and aridity, defined as the ratio of mean an-
nual potential evapotranspiration (PET) to mean annual precipitation (Addor
et al., 2017).
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Fig. 1. Watersheds from the CAMELS database used in our analyses
(n=159). Q=annual streamflow and P=annual precipitation.

We summed CAMELS daily streamflow and precipitation values to get total
annual water year streamflow and precipitation. Annual mean temperature was
calculated by first averaging CAMELS minimum and maximum daily tempera-
ture to get daily mean temperature and then averaging the daily mean tempera-
ture. Additionally, we estimated annual PET by first using the Hamon method
(Hamon, 1963; Lu et al., 2005) to estimate daily PET based on precipitation,
temperature, and day length from the CAMELS dataset, and then aggregating
daily values to annual PET.

Because the CAMELS dataset extends only through water year 2014, while
available forest data extend through 2019, we used USGS streamflow data and
Daymet gridded climate data for water years 2015-2019 to extend the record
of our analysis through water year 2019. USGS streamflow data were obtained
through the R package DataRetrieval (Hirsch and De Cicco, 2015). Daymet
gridded precipitation, minimum temperature, and maximum temperature val-
ues were downloaded using the R package daymetr (Hufkens et al., 2018) and
extracted as area-weighted averages within each CAMELS catchment boundary,
following the methods used to construct the CAMELS time series (Newman et
al., 2015). That extraction process yielded time series analogous to the time
series within the CAMELS dataset. We then aggregated daily values to annual
values in the same manner as described above for the CAMELS time series. We
cross checked our extended dataset by ensuring that we could replicate water




year 2014 in the CAMELS data, finding that the only differences were due to
numerical rounding.

1. Forest and disturbance data

Data on forest conditions and disturbances were obtained from the US Forest
Service’s Forest Inventory and Analysis (FIA) program. The FIA program es-
tablished plot locations using probabilistic sampling to obtain a representative
sample with mean spacing of 5 km across all forest types and owner groups
(Bechtold and Patterson, 2005). In the western US, 10% of plots are measured
each year and each plot is therefore measured once every ten years. Each year’s
subsample of plots is spatially distributed such that the sample of forest con-
ditions is both spatially and temporally balanced. This sampling design was
developed to produce unbiased estimates of forest attributes that represent dis-
crete areas such as watersheds (Bechtold and Patterson, 2005).

Data collected from FIA plots include detailed tree measurements that permit
calculation of plot-level volume of both live and dead trees, volume of net tree
growth, volume of trees that recently died (i.e., “mortality trees”), and many
other variables (USDA, 2010). Each plot is associated with an expansion factor
that facilitates estimation of forest characteristics and their associated sampling
errors for discrete areas, based on data from multiple plots over the same sam-
pling period (Bechtold and Patterson, 2005; Burrill et al., 2018). FIA estimates
are updated annually based on a 10-year moving window such that the estimate
in any one year is based on data collected during the previous 10 years (e.g. an
estimate with a nominal date of 2019 is based on data collected during 2010-
2019). FIA implemented this nationally consistent, probabilistic sample in 2000,
although the onset of data collection varied among states, with Wyoming being
the last state to fully implement this design in 2011.

We characterized forest disturbance using FIA’s estimates of net tree growth and
tree mortality, for the period 2010-2019, from the publicly accessible EVALIDa-
tor tool (USDA, 2020). Each estimate was constrained to a watershed repre-
sented by an 8-digit Hydrologic Unit Code (HUCS8) that contains a CAMELS
catchment. Net growth is defined as volumetric growth of all live trees minus
the total volume of trees that died in the previous ten years (i.e., mortality vol-
ume). Mean annual net growth and mortality rates are expressed as volume per
year (Burrill et al., 2018) rather than numbers of trees because under normal
conditions with no disturbance, small trees typically die at higher rates than
larger or older trees due to self-thinning that occurs naturally as forest stands
develop over time (Yoda et al., 1963). Values of net growth greater than zero
indicate that tree growth has outpaced mortality, while negative net growth is
indicative of mortality that occurred faster than growth of live trees. To assess
the severity of forest disturbance, we estimated each watershed’s mean annual
mortality rate and standardized that rate by the total of live volume plus mor-
tality volume. Note that watersheds with high mean annual mortality may also
have positive net growth if post-disturbance recovery and live tree growth occurs
more rapidly than mortality.



1. Methods

We used multiple analytical methods to address our objectives. First, we used
trend analysis to identify monotonic trends in individual water budget compo-
nents and drivers. Second, we qualitatively related trends in runoff ratio to for-
est change across gradients of latitude and aridity. Third, we used time trend
analysis (Zhao et al., 2010) to quantify the magnitude of streamflow change
that cannot be attributed to precipitation and temperature drivers, and then
correlated the magnitude of unattributed streamflow change with forest distur-
bance, latitude, solar radiation, and aridity. Fourth, we evaluated the relative
importance of several factors — including temperature, precipitation, and the in-
teraction of forest disturbance and aridity — for predicting change in streamflow
across decades using a multiple regression model.

1. Trends in water budget components and drivers

Our first question was whether runoff ratio has changed over time, i.e., whether
there is any monotonic trend, regardless of climate or forest disturbance effects.
We answered this question using the nonparametric Mann-Kendall trend test,
which determines whether the central tendency of a variable changes solely as
a function of time (Helsel et al., 2020). We tested for trends in annual runoff
ratio (Q/P) as well as water budget components and drivers, including annual
streamflow (Q), annual total precipitation (P), annual mean temperature (T),
and annual potential evapotranspiration (PET). Each variable was tested inde-
pendently of vegetation effects. Each test evaluated two time periods: first, the
period 2000-2019, which was the basis for our subsequent analyses of stream-
flow response to forest disturbance, and second, 1980-2019, for the purpose of
determining whether any other long-term trends exist that extend prior to the
period covered in our analysis.

Watersheds with significant trends in Q, P, Q/P, T, and PET were identified
based on two-sided p-values associated with Kendall’s tau (Helsel et al., 2020)
evaluated with the MannKendall function in the Kendall package (McLeod,
2011) for R statistical analysis software (R Core Team, 2020). Two-sided p-
values <0.1, which correspond to one-side p-values <0.05, were considered sta-
tistically significant.

1. Runoff ratio and forest density change

Our second question was whether there is general support for the hypothesis
that forest cover is inversely related to annual runoff, across a large sample of
watersheds spanning a range of aridity, incoming solar radiation, and latitude.
Under this hypothesis, we expected that most watersheds that experienced for-
est cover loss (i.e., disturbance) exhibited increases in runoff ratio, and that
watersheds that experienced forest cover gain (i.e., increased tree density in
the absence of disturbance) exhibited decreases in runoff ratio. An alternative
hypothesis, based on recent observations of decreased streamflow following for-
est disturbance as summarized by Goeking and Tarboton (2020), is that post-
disturbance runoff sometimes decreases in more arid, low-latitude watersheds



with higher incoming solar radiation.

To characterize watersheds as disturbed versus undisturbed and as having in-
creased versus decreased runoff ratio, we determined whether net growth and
trend in runoff ratio (Q/P) were each positive or negative for each watershed.
Watersheds were characterized as having increased versus decreased runoff ratio
on the basis of Kendall’s tau, which allows dimensionless comparison of trends
in runoff ratio across watersheds whose runoff ratios may vary widely (Helsel et
al., 2020), again using R package Kendall (McLeod, 2011).

Net tree growth estimates for 2010-2019 encompass a temporal averaging period
beginning in 2000 for plots measured in 2010, and in 2009 for plots measured
in 2019, because growth is calculated from individual tree growth representing
the 10 years prior to plot measurement (USDA, 2010). Therefore, we conducted
trend analysis for the period 2000-2019, which encompasses the averaging period
for FIA plot measurements.

We categorized watersheds into two groups: those that met the expectation that
the change in runoff ratio is inversely related to forest cover change (conform-
ing watersheds), and those that did not meet this expectation (nonconforming
watersheds). Conforming watersheds included watersheds where tree volume
increased (i.e., positive tree growth) and Q/P decreased, as well as those where
tree volume decreased (i.e., negative tree growth) and Q/P increased. Similarly,
nonconforming watersheds consisted of those where both tree volume and Q/P
increased and where both tree volume and Q/P decreased. This categorization
resulted in four combinations of change in tree volume and trend in Q/P.

We assessed differences in aridity, solar radiation, and latitude among the four
categories of conforming and nonconforming watersheds. Aridity was compared
among watersheds in the context of evaporative index and aridity index, as
defined by Budyko (Budyko and Miller, 1974), to assess whether nonconforming
watersheds (i.e., those with forest disturbance and decreased streamflow) were
more likely to occur in water-limited watersheds than in energy-limited ones.
Evaporative index represents the proportion of precipitation that evaporates, on
a mean annual basis, and is equal to the quantity 1-Q/P. Aridity index is the
ratio of mean annual PET to mean annual P. Long-term values of mean annual
Q, mean annual P, aridity, and incoming solar radiation for each watershed were
obtained from the CAMELS dataset (Addor et al., 2017). We also tested for
significant differences in latitude, aridity, and solar radiation among conforming
versus nonconforming watersheds using the nonparametric Kruskal-Wallis test
for multiple comparisons, which was conducted using the function kruskal in R
package agricolae (de Mendiburu, 2020).

1. Expected streamflow change in watersheds with and without forest distur-
bance

To address the question of whether streamflow has changed as a result of for-
est disturbance over discrete time periods, we used time trend analysis, which
is an analytical framework used to quantify streamflow change resulting from



vegetation change (Zhao et al., 2010). The premise of time trend analysis is
that expected streamflow can be predicted from a small number of predictor
variables for a calibration period, and then applied to a later time period to
compare predicted to observed runoff for that time period. Computationally,
a linear regression model is calibrated on an initial time period, applied to a
second time period, and the residuals (i.e., the difference between the observed
and predicted values in the second time period) are assumed to be due to factors
not included in the model.

For the purposes of time trend analysis, we split our period of record into two
time periods: 2000-2009 and 2010-2019. We calibrated and validated the linear
regression model for time trend analysis using data from water years 2000-2009.
Odd-numbered years were used for calibration, and even-numbered years for
validation. Preliminary analysis indicated that our dataset met the assumptions
required for linear regression (Helsel et al., 2020). Given that temperature
exhibited a significant positive trend at many watersheds (Fig. 2) and was a
significant predictor, we included it in our model. Thus, the regression model
took the form:

Q= a*P + bxT 4+ ¢ + e

(1)

In Eq. (1), Q=annual streamflow; P=annual precipitation; T=annual mean
temperature; subscripts represent values from the calibration/validation period
(time 1, or 2000-2009); a, b, and c are coefficients; and e represents model
residuals. The regression held a and b the same across all watersheds, while
the intercept, c, was allowed to vary among watersheds to capture watershed
specific differences. The application of this model to the evaluation period (time
2) uses time 1 coefficients and time 2 observations of annual precipitation and
temperature to predict annual streamflow over time period 2 (2010-2019):

Q/Q =a*xP o+ bxT o+ ¢

(2)

The difference between observed (Q,) and predicted (CZ) mean annual stream-
flow during the evaluation period is represented as the quantity:

Qobs—exp = @_Q;
(3)

where @ ,ps_c.p represents the magnitude of streamflow change that cannot be
attributed to precipitation and temperature and thus is typically interpreted to
be due to vegetation change (Zhao et al. 2010).
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One objective of time trend analysis was to determine how runoff responds to
disturbance. As in our other analyses, we hypothesized that runoff is likely
to increase in disturbed watersheds, although a secondary hypothesis was that
runoff response depends not only on magnitude of disturbance but also on aridity
and/or incoming solar radiation. To answer the question of whether streamflow
has increased or decreased in disturbed watersheds, we interpreted significant
change in streamflow, from our time trend analysis results (i.e., deviation in
observed Q from predicted Q) in the context of disturbance. Significant change
in annual streamflow was identified using a one-sample t-test (Biederman et
al., 2015), wherein the null hypothesis was that there has been no change in
streamflow due to factors other than precipitation and temperature (Q yps_cqp =
0). P-values less than 0.05 were identified as significant deviations in streamflow.
Disturbed watersheds were defined as those where tree mortality exceeded 10%
of initial live tree volume.

1. Streamflow change as a function of disturbance severity and climate

We used multiple regression to address two objectives: 1) to evaluate the relative
importance of several factors for predicting change in streamflow (AQ), which
allowed isolation of the relative contributions of climate versus disturbance to
AQ, and 2) to determine whether the interaction of forest disturbance severity
with aridity or solar radiation affects runoff response to forest disturbance. A
regression model was developed to predict AQ across two discrete time periods,
2000-2009 versus 2010-2019.

To enable disentangling the confounding effects of climate versus vegetation
changes, we initially considered a large set of predictor variables encompassing
time varying climatic variables (e.g., change in mean annual precipitation) as
well as time-invariant climate descriptors (e.g., long-term mean incoming so-
lar radiation) that are specific to each watershed. The initial set of potential
predictors included baseline Q and baseline P for 2000-2009 (Q; and P, re-
spectively), mean watershed aridity and solar radiation, tree mortality during
2010-2019, and change in temperature, precipitation, and potential evapotran-
spiration (PET) between the two time periods. To meet the assumption of
noncollinearity among predictors, we then reduced the number of predictors by
evaluating pairwise correlations among all predictors and removing predictors
with correlation coefficients with absolute values of 0.6 or greater, where the
predictor with the lower correlation with AQ was removed. In this manner,
PET, solar radiation, and aridity were removed due to their respective correla-
tions with temperature and P;; solar radiation and aridity were represented in
the model in interaction terms with tree mortality. Due to multicollinearity be-
tween the interactions of mortality with solar radiation and aridity, we removed
the interaction of mortality with solar radiation as it was a less useful predictor
than the interaction of mortality with aridity. Thus, the final regression model
took the form:
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AQ = by + by Py +by AP+ by AT + b, mortality + by mortality * aridity

(4)

where P, represents mean annual precipitation for 2000-2009; P and T were
differences in mean annual precipitation (mm) and mean annual temperature
(°C) between 2000-2009 and 2010-2019; and b, refer to coefficients. For this
analysis, mortality was standardized by total volume of trees in the watershed,
i.e., as the volume of trees that died during the study period relative to initial live
tree volume, thus having possible values of 0 to 1 (USDA, 2020). The last term,
mortality*aridity, represents the interaction of tree mortality with aridity, which
was included to test the hypothesis that streamflow response to forest change
is influenced by aridity. We used the p-value associated with the coefficient of
each predictor variable in Eq. (4) to assess its significance as a predictor of
AQ. We then compared standardized regression coefficients for each variable to
determine the relative importance of climatic factors, forest disturbance, and
interaction of forest disturbance with aridity for predicting AQ.

Based on the predominant hypothesis that runoff increases following forest dis-
turbance, we expected that tree mortality would have a positive coefficient in
the regression model, i.e., that larger levels of tree mortality would lead to pos-
itive AQ. Our alternative hypothesis — that disturbance may decrease runoff
at high aridity or solar radiation — led to the expectation that the coefficient
for the interaction of tree mortality with aridity or solar radiation would be
negative, even as the coefficient for tree mortality alone was positive. To in-
terpret the ability of each predictor variable to explain additional variability in
AQ, we examined partial regression plots for each predictor (Moya-Larano and
Corcobado, 2008). Partial regression plots, also known as added variable plots,
isolate the explanatory capability of a single variable relative to that of all other
variables (Moya-Larafio and Corcobado, 2008). Although pairwise scatterplots
between a predictor and AQ would be appropriate for simple (single-variable)
regression, in the context of multiple regression, such plots ignore the effects of
other variables in the model and can thus be misleading representations of the
contribution of each variable to explaining variability in the response variable
(Moya-Larafio and Corcobado, 2008). Partial regression plots were developed
to address this concern using the R package car (Fox and Weisberg, 2019). To
visualize the interactive effect of disturbance severity and aridity on streamflow
change, we also examined marginal effects of the interaction between mortality
and aridity using R package sjPlot (Liidecke, 2021).

To interpret our regression model in the context of climatic warming, we used
the regression model (Eq. 4) to evaluate the sensitivity of streamflow changes
to tree mortality and aridity, both with and without 1° C of warming. We
compared our results to those of previous studies that projected decreases in
streamflow with climate warming across the western US (McCabe et al., 2017;
Udall and Overpeck, 2017),
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1. Results
1. Trends in water budget components and drivers

Most watersheds (>60%) did not experience significant monotonic trends in any
water budget components or drivers during 2000-2019 (Fig. 2). P increased sig-
nificantly between 2000 and 2019 in 26% of watersheds, driving some increasing
trends in Q (13%) and Q/P (10%). P and Q decreased in <1% of watersheds,
and Q/P decreased significantly 6% of watersheds. T and PET increased sig-
nificantly in 40% and 23% watersheds, respectively, and both decreased in 1%
of watersheds (Fig. 2), which is consistent with general climate warming. Sig-
nificant changes in Q/P, P, Q, T, and PET were widespread with no clear
geographic patterns (Fig. 2a-e).

a) Trend test b) QP c)P
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Fig. 2. Significant trends in annual water budget components and
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drivers over the period 2000-2019, based on the Mann-Kendall trend
test (p<0.1). Q= streamflow; P=precipitation; T=temperature; and
PET=potential evapotranspiration.

When we repeated the Mann-Kendall trend test for the entire period of record
(1980-2019), results were very different than for 2000-2019. More watersheds
experienced significant decreases in P, Q/P, and Q (7%, 24%, and 17%, respec-
tively), and only 8% of watersheds exhibited significant increases in Q and Q/P.
This pattern coincides with significant increases in T (84%) and PET (81%),
both of which decreased in <1% of watersheds. Thus, while an appreciable
percentage of watersheds show evidence for long-term (1980-2019) increases in
T and PET, only a small percentage show evidence for changes in Q and Q/P.

1. Runoff ratio and forest change

This analysis sought to test the hypothesis that forest cover is inversely related
to runoff, and comparison of trends in runoff ratio (Q/P) to net tree growth
demonstrated only moderate support for this hypothesis. Slightly less than half
of all watersheds (43%) met the expectation that Q/P is inversely related to
change in forest density (Fig. 3, upper left and lower right quadrants, with 24
and 44 watersheds, respectively), and the remaining watersheds (57%) did not
conform to this expectation (Fig. 3, lower left and upper right quadrants). How-
ever, a small proportion of watersheds exhibited statistically significant trends
in Q/P, as we found in the previous section. Note that in Fig. 3a, watersheds in
both left quadrants experienced negative net tree growth, i.e., mortality exceed
growth by surviving or newly established trees, which indicates disturbance and
decrease in volumetric forest density.

Trends in Q/P that contradict the expectation that Q/P is inversely related
to change in forest density occurred in two situations. First, Q/P decreased in
watersheds with negative net tree growth, i.e., greater mortality than live tree
growth (Fig. 3a, lower left quadrant). This response was observed mainly in
water-limited catchments where PET/P>1 and at lower latitudes in the south-
western US (Fig. 3b-e, magenta symbols). Second, Q/P increased while net
tree growth was positive (Fig. 3a, upper right quadrant). This response was
generally observed in energy-limited or moderately water-limited (PET/P<2)
watersheds at higher latitudes of the Pacific Northwest and northern Rocky
Mountains (Fig. 3b-e).

Given recent research questioning the inverse relationship between forest cover
and runoff (Goeking and Tarboton, 2020), an alternative hypothesis is that
runoff ratio is more likely to decrease following forest disturbance in watersheds
with high aridity and at lower latitude. However, we found that forest distur-
bance itself was more widespread and severe within water-limited watersheds, as
evidenced by the preponderance of magenta and blue symbols where PET/P>1
(Fig. 3b-c) and where incoming solar radiation is relatively high (Fig. 3d).
Results of the Kruskal-Wallis test showed no significant differences in aridity
or solar radiation among disturbed watersheds with increased versus decreased
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runoff ratio, nor were there significant differences among relatively undisturbed
watersheds with increased versus decreased runoff ratio (Fig. 3c-d). However,
these results do not account for an increasing trend in P over 2000-2019 (see
previous section). The following two analyses do account for this effect and thus

allow better separation of forest disturbance versus climate effects on stream-
flow.
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expected Q/P response to forest changes, and lower left and upper
right exhibit runoff ratio trends do not conform to expectations. (b)
Position of watersheds in the Budyko framework of evaporative index
(1-Q/P) versus aridity index (PET/P). (c & d) Aridity and incoming
solar radiation, with watersheds grouped into the quadrants in (a).
Boxes represent interquartile ranges; horizontal bars within boxes
represent medians. Boxes were not statistically significantly differ-
ent, based on Kruskal-Wallis test ( =0.1). (d) Geographic distribu-
tion of watersheds, with colors as assigned in (a). Q= streamflow;
P=precipitation; ET—=evapotranspiration; PET=potential evapotran-
spiration.

1. Streamflow change as a function of precipitation and temperature vs. other
drivers

Time trend analysis and subsequent t-tests for significant deviations in stream-
flow indicated that observed streamflow changed significantly in 44 (28% of)
watersheds in 2010-2019 relative to 2000-2009 (Fig. 4) due to factors other than
precipitation and temperature. Of these watersheds, streamflow decreased and
increased by statistically significant magnitudes in 30 and 14 watersheds, respec-
tively (Table 3). Validation of the linear model (Eq. 1) had adjusted r?=0.98.
As expected, both precipitation and temperature were significant predictors
(p<0.01 for both variables).

Y é Disturbance status
A A Disturbed
. @ Undisturbed

Deviation in observed
vs. predicted Q (%)

-25

0

5

Fig. 4. Percent deviation in observed mean annual streamflow (Q)
for 2010-2019, relative to Q predicted by time trend analysis (cali-
brated for 2000-2009). Watersheds with statistically significant de-
viation in Q (large symbols) were identified using on a one-sample
t-test (p<0.05); small symbols represent watersheds with no signif-
icant deviation in Q (p 0.05). Disturbed watersheds (triangles) are
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those where tree mortality exceeded 10% of initial live tree volume.

Only 26 watersheds experienced both disturbance and significant change in
streamflow, as determined by time trend analysis, and streamflow decreased
in 20 of these watersheds (Table 3). This finding contradicts the hypothesis
that streamflow increases following disturbance. The geographic distribution of
significant decreases in streamflow in disturbed watersheds (Fig. 4) partially
supports our secondary hypothesis that streamflow response to disturbance is
influence by factors such as incoming solar radiation, aridity, or latitude. Ad-
ditionally, 18 undisturbed watersheds had significant changes in streamflow (10
decreases and 8 increases; Fig. 4). These results imply that deviations in
observed vs. expected streamflow, as predicted from a linear model based on
precipitation and temperature, cannot be attributed to vegetation change alone,
which has commonly been an interpretation of time trend analysis (Biederman
et al., 2015; Zhao et al., 2010). However, unlike the univariate trends shown in
Fig. 2 and Fig. 3, time trend analysis accounts for changes in P and T over
time and evaluates Q relative to those changes.

We considered the possibility that our choice of disturbance threshold could
affect our results and therefore evaluated the direction of streamflow response
given different disturbance thresholds. Among all watersheds, 67 met our ini-
tial disturbance criterion of >10% tree mortality during 2010-2019. Different
thresholds (5%, 15%, and 20%) did not lead to different conclusions about the
proportion of disturbed watersheds that experience decreased versus increased
streamflow. For all thresholds of disturbance, a slight majority (>54%) of dis-
turbed watersheds exhibited decreased streamflow, based on observed stream-
flow compared to that predicted by the time trend analysis model.

Table 3. Results of time trend analysis, which predicts mean annual
streamflow from observed precipitation and temperature and then
compares observed to predicted streamflow for a future time period.
Disturbed watersheds are defined as those where tree mortality ex-
ceeded 10% of initial live tree volume. Significant change in annual
streamflow was identified as p<0.05 from a one-sample t-test.

Runoff lower than expected (decreased Q) Runoff higher than expected (increased

Any change Significant change
Disturbed (n=67) 42 20
Not disturbed (n=92) 56 10
Total 98 30

1. Streamflow change as a function of climate and disturbance

All coeflicients in the multiple regression model for AQ (Eq. 4) were statisti-
cally significant (p<0.05; Table 4) with adjusted model r?=0.70 (p<0.01). The
average change in runoff (AQ) across all 159 watersheds during the time period
considered in this analysis was positive (63 mm/yr), consistent with an increase
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in P (mean AP was 91 mm/yr). Standardized regression coefficients indicate
the direction and relative impact of each predictor on AQ (Fig. 5a) and indi-
cate that P, had the largest impact on AQ, which may be due to a positive
association of P; and AP between 2000-2009 and 2010-2019 in watersheds that
were already relatively wet. P;, AP, and mortality all had positive coefficients
and thus positive effects on AQ, while AT and the interaction of mortality with
aridity had negative coefficients (Table 4; Fig. 5a). Partial regression plots (Fig.
5b-f) illustrate the ability of each predictor variable to explain variability in AQ
that is not specifically accounted for by other predictors. The slopes of the lines
in the partial regression plots (Fig. 5b-f) are equal to the regression coefficients
and are all significantly different than zero (Table 4), which indicates that each
predictor provides useful information in predicting AQ. Examination of model
diagnostics verified that residuals were normally distributed and independent of
predictor values.

Table 4. Regression coefficients, standard errors, t-statistics, and
associated p-values for multiple linear regression of AQ between 2000-
2009 and 2010-2019.

Variable Units Coefficient Standard error t-statistic P-value
Intercept mm/yr -29.20 10.20 -2.860 0.005
P, mm/yr 0.087 0.008 11.473 <0.001
AP mm/yr 0.107 0.047 2.279 0.024
AT °C -27.85 6.895 -4.038 <0.001
Mortality proportion  250.3 67.91 3.685 <0.001
Mortality*Aridity — proportion -108.4 43.59 -2.488 0.014
a) b)
F’1 —
AP . 2
i . £
e
Mortality ——
Mortality*Aridity —— o °
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Fig. 5. Effect of each variable on change in annual streamflow (AQ),
in mm/yr, from 2000-2009 to 2010-2019: a) Unitless standardized co-
efficient estimates, which indicate the magnitude of change in AQ, in
standard deviations, for a change equal to one standard deviation of
each predictor variable. P,=mean annual P for 2000-2009, P=change
in precipitation, and T=change in temperature. b-f) Partial regres-
sion plots for each predictor variable. Each plot depicts the relation-
ship between the named predictor and AQ while accounting for the
explanatory capability of all other predictors. Values along the x axis
of each plot represent the residuals of a model omitting the named
variable, values along the y axis represent the residuals of a model
of the named predictor as a function of all other predictors, and the
slope of the line is equal to the multiple regression coefficient for the
named variable.

One purpose of this regression analysis was to test the hypothesis that runoff
increases following tree mortality, and as an alternative hypothesis, that the sign
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(positive or negative) of runoff response to disturbance is affected by aridity. Our
results provide partial support for both hypotheses. As expected, the coefficient
for tree mortality was positive (Table 4; Fig. 5a); the statistical significance
of this positive coefficient supports the first hypothesis that runoff increases
with decreased forest cover. However, the significant and negative coefficient for
the interaction of mortality and aridity also supports our alternative hypothesis
that mortality does not result in increased runoff in all cases. In particular,

runoff response to disturbance may be negative in very arid watersheds. Fig.

6a illustrates AQ as a function of mortality and aridity based on observations
(i.e., not modeled values), demonstrating two important results. First, relatively
wet watersheds (aridity<1.5) generally had positive AQ, and AQ was larger for
watersheds with more tree mortality. Second, very dry watersheds (aridity>2.5)
generally experienced negative AQ, and higher mortality was associated with
larger decreases in Q. In interpreting these results, it is important to note that
overall AP was positive, which is expected to contribute to positive AQ; thus,
the dashed line representing AP in Fig. 6a provides a more neutral axis of
reference than AQ=0.

Fig. 6b illustrates predictions and 90% prediction intervals for AQ as a function
of tree mortality for aridity at its observed 5" percentile, median, and 95"
percentile, assuming that all other variables are held constant at their mean
observed values. The value of aridity at which tree mortality was predicted to
have a negative effect on Q was 2.35. Thus, for watersheds with PET/P 2.35,
AQ decreased with tree mortality. Thus, in these very water-limited watersheds
there is an inverse relationship between AQ and tree mortality. Note that 95%
of watersheds experienced levels of tree mortality less than 33%, so predictions
above this level of mortality are beyond the range of most data and therefore
uncertain.
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Fig. 6. Interacting effect of tree mortality and aridity on AQ. a)
Boxplots of AQ (as a proportion of Q;) based on observed values
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from 159 watersheds. b) Marginal effects of mortality and aridity,
based on the multiple regression model (i.e., values of AQ for different
values of mortality and aridity when values of other predictors are
held constant); values of aridity represent the 5'® percentile (0.3),
median (1.4), and 95% percentile (2.9) of watersheds examined in
this study. In both plots, horizontal dashed lines represent AP times
P,/Q;, (relative to Q; for 6a), which illustrates the expected AQ
based solely on AP.

As shown in Eq. (4), the regression model accounted for changes in precipitation
and temperature. The modeled relationship between mortality, aridity, and AQ
(Fig. 6b) demonstrates the same variable response to disturbance as that shown
by observations (Fig. 6a), illustrating that the response of AQ to disturbance
and the interaction of disturbance with aridity is not explained by precipitation
and temperature changes alone. Thus, decreased streamflow in response to
increased temperature or decreased precipitation may be modulated (in wet
watersheds) or exacerbated (in dry watersheds) by disturbance.

To assess the overall sensitivity of our modeled AQ to potential warming, we
summarized AQ for several values of mortality and aridity, with and without
1° C of warming (Table 5) and with no change in precipitation. Specifically,
equation 4 was applied with AP=0 and AT=0 or 1. The model predicted a
mean decrease in streamflow of 5.6% for 1° C of warming. Regression-based es-
timates for AQ at various levels of tree mortality and aridity generally suggest
that streamflow is expected to increase at increasing levels of disturbance for
watersheds at low to moderate values of aridity, while the opposite is true in
very arid watersheds, specifically with PET /P>2.35, as manifested in the right-
most column of Table 5. Left to right in Table 5, the model indicates greater
percentage increases in streamflow following disturbance in more humid water-
sheds, trending down to a decrease in streamflow for the most arid watersheds.
For 1° C of warming, the 5.6% decrease in streamflow is superimposed on these
trends.

Table 5. Predicted change in mean annual streamflow (expressed as
a percentage of Q;, or initial mean Q) for different levels of tree
mortality and aridity, with and without a 1° C temperature increase
and assuming no change in precipitation.

Aridity (PET/P)
Tree mortality  (5th percentile) (25th percentile) (Median) (75% quantile) (95th pe

No warming % % % % % %
% % % % % %
% % % % % %
° C warming % % % % % %
% % % % % %
% % % % % %
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1. Discussion

We found variable runoff response to forest disturbance using multiple anal-
ysis methods: Mann-Kendall trend analysis, time trend analysis of predicted
vs. observed streamflow based on observed precipitation and temperature, and
multiple regression using both climatic and disturbance variables. Collectively,
our results indicate that the generally held hypothesis that forest cover and
streamflow are inversely related is not universal in semi-arid western water-
sheds. Examination of the relationship between Mann-Kendall trend in Q/P
versus net tree growth allowed us to identify two scenarios that do not conform
to this relationship (Fig. 3). First, statistically significant decreases in Q/P
occurred during a period of forest cover loss in a small number of watersheds
(four) that occur in areas of high aridity (PET/P) and high incoming solar ra-
diation. Second, 10 watersheds exhibited statistically significant increases in
Q/P during a period of forest cover growth. Time trend analysis indicated that
among watersheds with significant changes in streamflow, 77% (20 of 26) of
disturbed watersheds, and only 56% (10 of 18) undisturbed watersheds, experi-
enced decreased streamflow. Thus, significantly decreased streamflow was more
prevalent in disturbed than undisturbed watersheds, counter to commonly held
expectations. Increased streamflow in 44% (8 of 18) of undisturbed watersheds
coincided with higher precipitation overall in 2010-2019 compared to 2000-2009.
Multiple regression analysis showed that mortality explains some variability in
AQ that is not explained by climatic drivers, and that the direction of stream-
flow response to mortality (i.e., increase vs. decrease) is affected by aridity.

Among our analysis methods, only the multiple regression quantitatively as-
sessed change in streamflow as a function of both climatic and disturbance vari-
ables in a way that allowed isolating and quantifying climate and disturbance
effects. Therefore, the finding that disturbance severity (i.e., magnitude of tree
mortality) is a significant predictor with a positive coefficient supports the over-
arching hypothesis that streamflow increases as a result of disturbance, and that
disturbance effects on streamflow are separable from climate effects. However,
the interaction of mortality and aridity had a negative coefficient, which signi-
fies a decrease in streamflow as a result of disturbance in very arid watersheds.
Observational data (Fig. 6a) as well as our multiple regression results (Fig. 6b)
provide quantitative evidence that disturbances at high aridity are more likely
to result in decreased streamflow than those at lower aridity. These findings
are consistent with a recent modeling study (Ren et al., 2021), which concluded
that of runoff responds variably to forest disturbance caused by mountain pine
beetle and the response depends on both mortality level and aridity. In that
study, the inflection from increased to decreased runoff occurred between aridity
values of 2.0 and 3.0, depending on mortality severity, and decreased runoff was
explained by either increased canopy evapotranspiration or increased ground
transpiration following disturbance (Ren et al., 2021).

Independent of forest cover changes, we observed decreased streamflow asso-
ciated with increased T and PET. Our multiple regression model predicted a
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mean decrease in streamflow of 5.6% for 1° C of warming, which is consistent
with the 6% reduction per degree C that is predicted for the entire Colorado
River Basin (Udall and Overpeck, 2017) and 6-7% reductions per degree that
are predicted for the Upper Colorado River Basin (McCabe et al., 2017; Udall
and Overpeck, 2017). Our study period, 2000-2019, coincides with the onset of
above-average temperatures in the Colorado River Basin that began in 2000 and
contributed to below-average streamflow (Udall and Overpeck, 2017). Although
this trend has been previously documented in western US watersheds (Brunner
et al., 2020; Udall and Overpeck, 2017), the time trend and multiple regression
analyses presented here disentangle climate from vegetation effects and offer a
refined understanding of the role of forest change effects on streamflow in these
trends.

Increasing T and PET are driving not only decreases in streamflow in many
western watersheds (Brunner et al., 2020; Udall and Overpeck, 2017) but also
increases in tree mortality (Williams et al., 2013). Our analysis of trend in
Q/P relative to net tree growth, and our regression model of AQ as a func-
tion of tree mortality, show relatively high forest disturbance in watersheds
with high aridity and solar radiation (Fig. 3c-d). Higher T and PET may af-
fect streamflow both directly, via increased evaporative demand, and indirectly
via vegetation-mediated effects such as replacement of trees with vegetation
that may actually have higher total evapotranspiration (Bennett et al., 2018;
Guardiola-Claramonte et al., 2011; Morillas et al., 2017). Additionally, increases
in T and PET that result in increased soil evaporation can increase vegetation
moisture stress and susceptibility to disturbance such as wildfire (Groisman et
al., 2004).

Possible mechanisms for unexpected (nonconforming) decreases in runoff in wa-
tersheds with decreased forest cover (i.e., lower left quadrant in Fig. $a) may
be a combination of increased transpiration by surviving or newly established
vegetation, as well as increased solar radiation reaching snowpack and soil sur-
faces, either of which may increase total evapotranspiration. The first mech-
anism, net increase in evapotranspiration due to increased total transpiration,
has been observed following insect outbreaks with rapid growth of surviving
trees (Biederman et al., 2014), simulated tree die-off that resulted in increased
herbaceous transpiration (Guardiola-Claramonte et al., 2011), and replacement
of trees with dense shrubs (Bennett et al., 2018); all three of these studies were
conducted in semiarid to arid watersheds. The second mechanism, increased
solar radiation as a result of canopy loss, could result in earlier snowpack ab-
lation (Lundquist et al., 2013) and increased evapotranspiration from soil and
non-canopy vegetation (Morillas et al., 2017; Reed et al., 2018). Just as net
increases in evapotranspiration can occur following forest disturbance and lead
to decreased streamflow, the converse is that net decreases in evapotranspira-
tion can occur during periods of forest cover growth and thus lead to increased
streamflow (i.e., upper right quadrant in Fig. 3a).

A potentially confounding influence on post-disturbance energy budgets and
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thus water budgets is that increased surface temperature has been observed
following multiple disturbance types and severities (Cooper et al., 2017; Maness
et al., 2013). Independently of forest disturbance or growth, an additional
contributing factor to decreased runoff may be a long-term decline in deep soil
moisture due to recent droughts (Iroumé et al., 2021; Peterson et al., 2021;
Williams et al., 2020).

Another potential confounding effect is the type of winter precipitation (rain
vs snow). In this study, we accounted for precipitation and temperature at an-
nual and not seasonal time scales; neither the regression model used for time
trend analysis nor the multiple regression model for AQ improved apprecia-
bly when seasonal rather than annual timescales were tested. Previous work
has observed both streamflow increases (Hammond and Kampf, 2020) and de-
creases (Berghuijs et al., 2014) in response to winter precipitation phase (snow
to rain) shifts. Warmer temperatures have been observed to result in decreased
streamflow in watersheds with high snow fraction, i.e., >0.15, although the
causal mechanism for this observation is unknown (Berghuijs et al., 2014). In
contrast, Hammond and Kampf (2020) observed both increased and decreased
streamflow following shifts from snow to mixed rain and snow, where stream-
flow response to snow-to-rain transitions were more strongly associated with the
seasonal timing than the type of precipitation. In our study, increasing trends
in Q/P and simultaneous increases in tree growth occurred in a wide variety of
environments (Fig. 3e), including the temperate Pacific Northwest, where snow
fraction may be less than 0.15, as well as high-elevation forested watersheds
across the western US where winter precipitation phase change may translate
to more rain-on-snow events that produce rapid winter runoff. Because seasonal
snowpack represents storage of water that becomes available for transpiration by
plants during the growing season, seasonal asynchrony between water availabil-
ity and the growing season may dampen any relationship between forest cover
changes and streamflow response (Knighton et al., 2020).

Results of our time trend analysis demonstrate that streamflow has deviated
from predictions based on precipitation and temperature at many watersheds
across the western US, regardless of forest disturbance (Table 3). A fundamental
assumption of time trend analysis is that any change not predicted by climatic
factors, typically precipitation and temperature, is due to vegetation or land
use change (Zhao et al., 2010). However, time trend analysis provides observa-
tional but not causal links of change in streamflow to factors such as vegetation
change. Incongruities between the subset of watersheds that were disturbed and
those with significant streamflow change (Table 3) call into question the under-
lying premise of time trend analysis that deviations of observed from predicted
streamflow are due to vegetation change alone (Zhao et al., 2010). In our explo-
ration of whether changes in streamflow were correlated with changes in T and
PET over longer time periods, we found that although T and PET increased
in most watersheds, increases in T and PET were not strongly correlated with
changes in streamflow or runoff ratio. Given that Mann-Kendall trend tests de-
tected significant increases in T and PET for 1980-2019 that were not detectible
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during the period covered by our time trend analysis (2000-2019), it is possible
that model coefficients for T over multiple decades may not remain constant
as temperature increases beyond the range of observed T during 2000-2009. In
other words, the assumptions inherent in time trend analysis may not hold in
a nonstationary climate as changes may go beyond ranges for which the model
was calibrated. Other possible explanations for significant changes in stream-
flow include shifts in winter precipitation phase (from snow to rain), the timing
of seasonal precipitation, longer term increases in T and PET that are occurring
beyond the timeframe considered in this analysis, seasonal T and precipitation
extremes that are not reflected in annual mean values, and/or forest disturbance
below the threshold considered in our analysis.

A caveat of this study is that we characterized disturbance across entire wa-
tersheds, when in reality, disturbance is typically patchy and may include a
combination of stand-replacing and nonstand-replacing disturbances. For ex-
ample, less severe disturbance may be uniformly distributed throughout a wa-
tershed whereas more intense disturbances that may affect only small portions
of a watershed, where both scenarios would lead to comparable watershed-scale
metrics of forest cover loss or tree mortality. Previous studies illustrated that
forest structure affects snowpack (Broxton et al., 2016; Moeser et al., 2020), so
this distinction may be important for determining disturbance effects on runoff.
The ability to project future changes in streamflow due to both changing climate
and forest disturbance will likely improve with enhanced spatial representation
of forest characteristics.

Several challenges exist in combining observational datasets from different dis-
ciplines and using different temporal and spatial sampling frames, and here
we describe some of those challenges and potential future solutions. First, the
analyses conducted in this study required using forest inventory data collected
across multiple years rather than using an annual time step. Ongoing work in
the area of statistical small area estimation (Coulston et al., 2021; Hou et al.,
2021) demonstrates promising capabilities for characterizing forest attributes
at finer spatial and temporal scales. Application of such techniques to future
investigations will require identification of appropriate lag effects and legacy
effects (e.g., response to recovery from severe disturbance versus persistent re-
sponse to the initial severe disturbance). Second, most CAMELS watersheds
are smaller than the encompassing HUCS8 watersheds that we used to summarize
forest data. Despite this incongruity, we accepted this limitation because the
forested portions of most HUCS catchments exist at relatively high elevations
that tend to be less impacted by water transfers and nonforest land uses, which
is also where CAMELS watersheds occur (Addor et al., 2017). Compatibility
of these datasets could be improved by combining ground observations from
forest monitoring plots with remote sensing and other ancillary data, e.g., via
the small area estimation techniques described above. Ongoing extension of
the period of record and improved precision in estimates for individual water-
sheds will enhance our ability to relate forest characteristics and dynamics to
changes in hydrologic processes and flux magnitudes. In particular, improved
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precision of future monitoring may help quantify important relationships among
modulating factors such as aridity and incoming solar radiation.

Correlation is not causation, and therefore we cannot be sure that any observed
changes in streamflow are due to forest disturbance or the lack thereof. Our
results, which are based on observations across many watersheds, underscore
the need for process-based modeling to understand where, why, and to what
degree unexpected streamflow responses may occur as a result of the combined
effects of forest change and climate change. Although there may indeed be
forest disturbance effects on streamflow, hydrologic responses may be modulated,
offset, or intensified by factors such as aridity and incoming solar radiation and
by changes in forcing such as increasing temperature.

1. Conclusions

We used a large-sample hydrology approach to combine hydrologic, climatic,
and forest data within 159 watersheds in the western US to assess evidence for
the hypothesis that forest cover loss leads to increased streamflow. This study
expanded on previous studies that have linked streamflow to climatic drivers by
also considering forest disturbance information, which allowed us to disentangle
climate effects from forest disturbance effects on streamflow. Multiple analysis
methods — including simple trend analysis, time trend analysis accounting for
climate variables, and multiple regression — demonstrated that streamflow in
some disturbed watersheds was lower than expected based on climatic drivers
(i.e., P and T) alone. Results of both observations and multiple regression
modeling showed that streamflow response to disturbance was modulated by
aridity. Although disturbed watersheds exhibited increased streamflow at low to
intermediate aridity, which is consistent with the hypothesis that reduced forest
cover produces increased water yield, we found that disturbance in very arid
watersheds was associated with streamflow decreases that were not predicted
by climate alone. Decreased streamflow in arid watersheds was associated with
disturbance, demonstrating that streamflow responds not only to changing P
and T but also to forest disturbance. Disturbance was also more prevalent in
watersheds with high solar radiation and high aridity. These results suggest
that very arid watersheds may be more susceptible to both increased forest
disturbance and decreased streamflow in the future.
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