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Abstract To estimate the robustness of hydrologic models under projected future climate change,
researchers test transferability between climatically contrasting observed periods. This approach can
only assess the performance changes induced by altered precipitation and related environmental dynamics
(e.g., greening under wet conditions), since the instrumental record does not contain temperatures or carbon
dioxide levels that are similar to future climate change projections. Additionally, there is an inherent
assumption that long‐term persistence of changes in precipitation will not further impact catchment
response. In this study, we undertake a series of virtual catchment experiments using an ecohydrologic
model that simulates dynamic vegetation growth, nutrient cycling, and subsurface hydrology. These
experiments explore a number of climate change scenarios. We compare simulations based on persistent
altered climate states against simulations designed to represent historical periods with the same
precipitation but limited time for ecohydrologic adaptation. We find that persistence of precipitation
changes as well as increased temperature and elevated carbon dioxide levels can all substantially impact
streamflow under drier future conditions. For wetter future scenarios, simulated differences in the flow
regime were smaller, but there was still notable divergence in modeled low flows and other hydrologic
variables. The results suggest that historical periods with equivalent precipitation statistics cannot
necessarily be used as proxies for future climate change when examining catchment runoff response and/or
model performance. The current literature likely underestimates the potential for nonstationarity in
hydrologic assessments, especially for drier future scenarios.

Plain Language Summary Climate change is expected to impact catchment processes in the
future, altering hydrologic response. This raises the issue that models and methods developed using past
data may not be reliable for simulating future conditions. To understand the extent of this problem,
researchers often test models under climatically contrasting past periods. For example, if a model calibrated
under wet conditions performs well simulating a dry period with 10% less annual rainfall, we assume that
the same model could reliably simulate a future climate with a 10% reduction in rainfall. However, future
climate change scenarios also have higher temperatures and carbon dioxide (CO2) levels, and the changes
are expected to persist over many decades. Therefore, simulating contrasting past periods may cause less
degradation in model performance than simulating future climate change. This study uses a detailed
ecohydrologic model to run experiments analogous to a catchment under persistent climate change versus
historical variability. We find that persistence of altered conditions, higher temperatures, and increased
CO2 levels all influence catchment response substantially, meaning that climatically distinct past periods are
not accurate proxies for future climate change. This suggests that testing model performance under past
variability will underestimate the risk that climate change poses to hydrologic assessments.

1. Introduction

Anthropogenic climate change will alter hydrologic systems (IPCC, 2013), which leads to the notion that all
hydrologic analyses conditioned on historic conditions could become less reliable for projecting into the
future (Milly et al., 2008; Westra et al., 2014; Wilby, 2005). This is expected to add a major source of
uncertainty to water management studies (Bastola et al., 2011; Todorovic & Plavsic, 2016). Herein, we use
the term nonstationarity to refer to a loss of predictive performance when a method that relies on past data
is used to project into an unseen, significantly altered future state. Nonstationarity is induced when future
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catchment response changes such that a model conditioned on past data is no longer appropriate for
prediction. Physically, this could be driven by factors such as changes in typical soil moisture regimes
and/or vegetation. As an example of this concept, it has long been recognized that conceptual hydrologic
models become increasingly unreliable as the conditions they simulate deviate further from those of the
calibration data, raising concern that they will not perform well in the future (Gan & Burges, 1990;
Klemeŝ, 1986; Seiller et al., 2012). To indicate potential model performance degradation under altered
climatic conditions, Klemeŝ (1986) proposed differential split‐sample testing (DSST). DSST involves target-
ing sections of observed data for model calibration and validation in a way that it could be a representative
of past and future conditions. For example, if a model is to be applied under future conditions with a 20%
reduction in annual precipitation, its expected performance would be tested by calibrating over a relatively
wet historical period and validating on a separate period that is 20% drier. This requires the assumption that
periods of past climate variability with equivalent precipitation characteristics can be used as a proxy for
future climate change.

While it has previously been recognized that evaluating models using past climate variability has inherent
limitations (Fowler et al., 2018; Klemeŝ, 1986), it may be the best option available given that we cannot
observe the future (Refsgaard et al., 2014). As such, DSST has been widely applied in studies investigating
the performance of conceptual hydrologic models under climate change. Vaze et al. (2010) calibrated four
different models over the driest and wettest 10‐, 20‐, 30‐, and 40‐year periods in 61 Australian catchments
then applied the parameters obtained in each case to simulate the other seven periods. Performance changes
were tracked against differences in mean precipitation between the calibration and testing periods, ulti-
mately leading to the conclusion that conceptual models are likely to be robust as long as future conditions
are no more than 15% drier or 20% wetter than past conditions. Li et al. (2012) also undertook DSST with
climatic periods defined based on mean precipitation, concluding that modelers should calibrate on a wet
(dry) segment of the observed record for wet (dry) climate scenario simulation. Other studies have underta-
ken similar tests where both wet/dry and warm/cool periods were defined for model calibration and testing
(Dakhlaoui et al., 2019; Hartmann & Bárdossy, 2005). Dakhlaoui et al. (2019) found that model parameter
transferability was most problematic under warmer and drier conditions, although interdependence
between precipitation and temperature led to uncertainty around the precise contribution of each variable.
Brigode et al. (2013) selected past periods based on aridity index (the ratio of mean potential evapotranspira-
tion to mean precipitation), with the driest of four past periods used as a proxy for a drier future climate. As
per previous studies, their results showed conceptual model performance degradation under contrasting cli-
mate conditions but with nonequivalent results for two different models tested. This suggests that model
structure may be an important factor determining transferability under change. Fowler et al. (2016) investi-
gated conceptual model parameterization under contrasting conditions and found that, while direct calibra-
tion on one period tended to result in poor performance during the other, alternative parameter sets that
could simulate both periods adequately usually existed. They conclude that if better calibration algorithms
were developed, model performance degradation could be reduced to acceptable levels in many cases.

An alternative approach for investigating conceptual hydrologic model sensitivity to climate conditions is
to calibrate models using a sliding window, as introduced by Coron et al. (2012). This involves calibrating
models to every possible consecutive period of a given length (e.g., Coron et al. (2012) used 10‐year per-
iods, with each shifted 1 year later than the previous period). A large number of testing periods is thus
made available, and the evolution of optimal model parameters over time can be examined.
Additionally, parameter relationships with climate conditions can be examined “after the fact,” avoiding
the need for the modeler to assume which aspects of climate variability should be considered in subset
selection. In a study over 216 Australian catchments, Coron et al. (2012) found that conceptual model per-
formance degradation under contrasting periods was associated with mean precipitation but not potential
evapotranspiration or temperature. Other studies also consider periods defined consecutively over time
rather than with reference to predefined conditions but without overlapping subsets (Chawla &
Mujumdar, 2018; Merz et al., 2011; Sleziak et al., 2018). Merz et al. (2011) modeled six consecutive 5‐year
periods in 274 Austrian catchments and found significant trends in parameters conceptually representing
soil moisture and snow processes, with notable biases introduced when calibrated parameters were
applied to simulate earlier or later periods. Sleziak et al. (2018) also found changes in optimized para-
meter values over time, with a nonlinear relationship between variation in simulated runoff volume
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and differences in precipitation. They postulate that calibrated parameters can only be considered trust-
worthy when the change in mean precipitation is within 10%.

Studying conceptual hydrologic model nonstationarity under past climatic variability is undoubtedly useful
and provides an indication of model robustness under change. However, there are some potential shortcom-
ings of these procedures because they assume that periods of past climate variability can be used as a proxy
for future climate change. This may not be true for three reasons:

1. Historical wet/dry periods of relatively short lengths (e.g., 5 or 10 years) may not show the full impact of
precipitation changes because of delayed impacts on catchment response. For example, groundwater
levels may take some time to regulate following a reduction in precipitation. Because changes in ground-
water levels impact catchment runoff response in areas with shallow water tables (Saft et al., 2015), the
effect of an equivalent precipitation change over the long term may not be accurately captured over a
short subset.

2. Historical wet/dry periods may not represent the simultaneous changes in precipitation and temperature
that we expect in the future.

3. Historical wet/dry periods do not account for projected higher carbon dioxide (CO2) concentrations,
which can have complex effects on vegetation growth and water use efficiency that impact catchment
runoff.

Such issues have been highlighted in previous studies that used historical variability as a proxy for future
climate change (Fowler et al., 2018; Vaze et al., 2010), but the question of whether (and why) these factors
are likely to be significant sources of nonstationarity compared to overall precipitation shifts remains. If they
are significant, current methods likely underestimate hydrologic model performance degradation under
climate change. Based on the issues noted above, three main questions were defined for this investigation:

1. Could long‐term catchment adaptation to precipitation shifts lead to different behavior compared to
statistically equivalent shifts experienced over shorter periods (e.g., 5 or 10 years)? If so, testing based
on contrasting historical periods would not give a good indication of true performance degradation under
a permanently shifted climate regime.

2. To what extent will persistent temperature increases also impact catchment response? Procedures like
DSST are often undertaken considering precipitation changes only, so model performance degradation
will be underestimated if temperature also plays a significant role.

3. To what extent will higher CO2 concentrations further impact catchment response? It is impossible to
include the effects of future CO2 concentrations when using past periods as proxies for future climate sce-
narios, since these higher concentrations do not exist within instrumental streamflow records. Therefore,
if increased CO2 is a major contributor to altered catchment response via interactions with vegetation,
procedures like DSST will underestimate the uncertainty associated with climate change in hydrologic
analyses. Long‐term adjustment of vegetation to simultaneous shifts in CO2, temperature and precipita-
tion could generate effects on catchment behavior that cannot be accounted for when examining model
efficiency over past periods.

To address these questions, an ecohydrologic model is used as a virtual laboratory to simulate detailed catch-
ment processes under long‐term future climate conditions. The results are compared with simulations ana-
logous to short‐term historical periods with equivalent changes in precipitation (and in some cases
temperature). Consistency between “past” and “future” results will inform whether methods using climati-
cally specific past periods as a proxy for future change could reasonably inform nonstationarity in hydrologic
assessments under climate change.

Past work has investigated the effects of climate change on hydrologic response at various scales and found
that ecological interactions can play an important role (Betts et al., 2007; Gedney et al., 2006; Medlyn et al.,
2008; Piao et al., 2007; Tague et al., 2009). At the catchment scale, Tague et al. (2009) investigated the impact
of changing climate, CO2 concentrations, and fire regimes for a Mediterranean type ecosystem in California
(USA) and found that increased biomass resulted in reduced summer streamflow for most scenarios. For a
river basin in North Carolina (USA), Martin et al. (2017) simulated the combined effects of altered climate
and land use, concluding that precipitation increases were the most important driver of increased modeled
water yield. Hwang et al. (2018) investigated the effects of climate and vegetation changes on runoff ratios for
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two catchments in the southern Appalachians (USA). They found that increased minimum temperatures
gave longer growing seasons, leading to decreased runoff ratios that could only be reproduced in the model
if dynamic growth and phenology were included. These studies highlight the complexity of catchment
response to multifactorial shifts, providing evidence that past variability may not always be a representative
of future climate change. Our study directly addresses this concern by setting up numerical experiments that
compare simulations representing past climate variability against simulations representing future climate
change. We model expected climate change impacts (increased temperature and CO2 concentrations) under
both wetter and drier future conditions in a generalized experiment, rather than focusing only on the specific
projections for our study region. Outcomes of this work are discussed using the example of DSST to assess
hydrologic model performance under climate change, since this is a simple and commonly usedmethod that
relies on past climate variability as a proxy for future change.

2. Data and Methods
2.1. Virtual Laboratory

This analysis uses the Regional Hydro‐Ecologic Simulation System (RHESSys) modeling platform (Tague &
Band, 2004) to simulate watershed 18 within the Coweeta Hydrologic Laboratory in North Carolina (WS18),
which has long‐term data on streamflow, climate, soil moisture, and forest composition (Lin et al., 2019).
TheWS18 model was developed by Lin et al. (2019) to investigate different methods of simulating vegetation
communities and the implications for modeled ecohydrologic response. We use their NCLD‐LOCAL model
version, which contains vegetation parameters calculated using a weighted average approach based on
dominant tree species within the basin (Lin et al., 2019). The model accurately simulates streamflow at daily,
weekly, andmonthly timescales, with Nash‐Sutcliffe Efficiency (NSE) (Nash & Sutcliffe, 1970) values greater
than 0.8 for validation at all three timescales. Themodel and data used in this study are described in detail by
Lin et al. (2019).

For the purposes of this study, the WS18 model is conceptualized as a virtual laboratory, as described by
Wood et al. (2005). This means that the analysis is not focused on predicting the true behavior of the
WS18 catchment specifically; rather, the model is used to represent a hypothetical, but plausible, catchment
in which numerical experiments are run. RHESSys was selected as the modeling platform for the virtual
laboratory because it has been shown to informatively represent catchment sensitivity to climate change,
including accounting for complex changes in catchment ecology (Band et al., 1996; Barnhart, 2018; Kim Ji
et al., 2018; Tague et al., 2009). The model uses a nested, hierarchical structure to resolve processes at the
patch, hillslope, and watershed scales (Tague & Band, 2004). Further detail on themodel and its applicability
to this study is given in Section S1 in the supporting information. A physically based distributed modeling
platform such as RHESSys that includes carbon and nutrient cycling, dynamic vegetation growth, subsur-
face flow, and detailed hydrologic processes (Tague & Band, 2004) offers a tractable alternative to expensive
and generally unfeasible field studies of entire catchments under forced future climate change conditions.

WS18 is a forested, humid catchment with an area of approximately 12.5 ha. Precipitation rates are high at
around 2000 mm per annum (Elliott et al., 2017) and average monthly temperatures range from 4.6 °C in
winter to 20.7 °C in summer (Lin et al., 2019). The vegetation is almost entirely deciduous forest and is
defined in the model based on the National Land Cover Database (NLCD); key species include oak and
hickory in the drier slopes and ridges of the catchment and tulip poplar, sweet birch and eastern hemlock
in lower, wetter areas (Lin et al., 2019). Lidar data with 6.1 m (20 ft.) resolution was sourced from a North
Carolina state‐wide database to represent topography, and soil data were obtained from the Natural
Resources Conservation Service's Soil Survey Geographic Database (Lin et al., 2019). The terrain in WS18
is steep with colluvial soils. Soil hydrologic processes are simulated up to a depth of 10.0 m, with a conceptual
groundwater model accounting for deeper moisture.

2.2. Climate Change Scenarios

Because this work aims to conduct virtual catchment experiments (not make predictions for WS18
specifically), the climate change scenarios were intentionally designed to be more general than is typical
for local climate change impact studies. The future climate states defined in this study represent moderate
climate change inspired by global RCP4.5 projections and severe climate change inspired by global
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RCP8.5 projections for 2100 (IPCC, 2013). We assume hypothetical, stable
future climate states with altered precipitation, temperature, and CO2

concentrations (Table 1). Because average precipitation will increase in
some locations and decrease in others, increases and decreases of equiva-
lent magnitude were simulated for each scenario.

The weather generator described by Srikanthan and Zhou (2003) was used
to produce series of precipitation, minimum temperature, and maximum
temperature. This weather generator has the advantage of preserving the

daily cross‐correlations between different climate variables as well as the monthly and annual statistics of
each variable and has been demonstrated to appropriately represent rainfall statistics for application in
hydrologic models (Stephens, Johnson, et al., 2018). First, 100‐year series with the statistical properties of
the current climate were produced to provide a baseline for the assessment. To ensure that any inconsisten-
cies between the observed data and the generated current climate series did not affect the experimental
results due to model initialization impacts, a 200‐year spin‐up simulation was performed where the
RHESSys model was run twice consecutively using the 100‐year current climate series. This spin‐up period
was selected to allow nutrient cycling processes in themodel to equilibrate under current climate conditions.
The virtual catchment was therefore defined as the original WS18 model subjected to 200 years of statisti-
cally generated current climate input data. Parameters in the weather generator were then perturbed to pro-
duce the desired precipitation statistics (Table 1). Temperature shifts were implemented by adding the
desired change across the entire maximum and minimum temperature series. This “delta change” approach
was considered more appropriate than perturbing temperature in the weather generator because it allowed
us to keep the same rainfall series for all three experiments rather than creating an entirely new realization
that would be less directly comparable. The overall correlations between temperature and rainfall are
slightly altered by the temperature increase, but day‐to‐day consistency (e.g., higher temperatures on dry
days) is maintained since the same change was added across the entire series. The desired CO2 levels were
set directly in RHESSys.

2.3. Experimental Design

A set of numerical experiments was designed to model catchment response under persistent future climate
change conditions for comparison with simulations representing short‐term historical climate variability. If
the comparison showed consistency, it would imply that methods using past variability as a proxy for future
change (such as DSST) could give a reasonable indication of performance degradation in future hydrologic
assessments. However, if the results differed substantially, it would indicate that the nonstationarity cap-
tured by procedures like DSST does not represent the true nonstationarity when simulating climate change
impacts on future water resources. By extension, DSST assessments that do not reveal significant nonstatio-
narity under contrasting conditions do not automatically imply that a model is appropriate for climate
change assessment.

Three virtual experiments were designed to address the three questions outlined in section 1 (Figure 1). In
each case, a long‐term (100‐year) simulation with future climate conditions was run to represent “true”
future climate change persisting over many decades. This is referred to as the “adapted” simulation. As a
proxy for a short‐term historical period, the final 5 years of each simulation was rerun starting from the
initial catchment conditions defined based on the current climate spin‐up (i.e., starting conditions are the
same as at the beginning of the 100‐year simulation). This is referred to as the “unadapted (5y)” simulation
and represents a 5‐year historical period with the same statistical shift in precipitation, but without long‐
term catchment moisture and vegetation adaptation. This approach was repeated with the final 10 years
to give an “unadapted (10y)” simulation. Periods of 5 and 10 years were selected because historical wet or
dry periods of these lengths are commonly used in studies examining hydrologic model transferability under
change (Coron et al., 2012; Li et al., 2012; Merz et al., 2011; Sleziak et al., 2018; Vaze et al., 2010). These
shorter periods of altered conditions could still allow for adaptive changes in catchment vegetation, so all
simulations (adapted and unadapted) were run in dynamic growth mode to capture these adjustments.

The adapted simulations (black lines in Figure 1) are conceptualized as future climate realizations, run over
the nominal period 2000–2100. The unadapted simulations are conceptualized as past periods with equiva-
lent rainfall statistics as used in DSST (so in reality, these would be 5‐ or 10‐year subsets of observations

Table 1
Climate Change Scenarios Defined for the Experiments, Inspired
by Information From IPCC (2013)

Scenario ΔPrecipitation ΔTemperature CO2

Current climate No change No change 340 ppm
Moderate (RCP4.5) ±15% +2.4 °C 650 ppm
Severe (RCP8.5) ±30% +4.8 °C 1,000 ppm
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taken before 2000). Therefore, these simulations start from the same “current” state as the adapted
simulations in 2000. However, they apply the same rainfall as the final 5 or 10 years of the adapted
simulations (2090–2100 or 2095–2100) for direct comparability, and they appear on result plots over these
time periods. We do not intend to imply that these are future simulations; rather, they show how past
simulations under equivalent rainfall would compare with true future simulations at that time.

Experiment 1: To address the first question (Experiment 1), adapted simulations under wetter and drier
future conditions were compared against unadapted simulations with equivalent precipitation shifts
(Table 1). The climate inputs for the adapted simulations were identical to the unadapted simulations at
equivalent times, but the adapted catchment had 95 (for 5 years) or 90 (for 10 years) years to equilibrate
to the altered conditions.
Experiment 2a: To address the second question (Experiment 2a), the daily temperature was increased for the
adapted simulations by adding the desired change (Table 1) to themaximum andminimum temperature ser-
ies generated for the relevant climate change scenario. For the unadapted simulations, current temperatures
weremaintained because although the true future climate will be warmer, this is generally not accounted for
in studies that use past climate variability as a proxy for future change. Therefore, the final 5 years (10 years)
of the hotter adapted case were compared with the unadapted 5 years (10 years) case under current tempera-
tures. The precipitation inputs were the same between adapted and unadapted simulations.

Figure 1. Experimental concept and simulations involved in each step. All series have altered precipitation representing future climate conditions (adapted) or
equivalent past periods (unadapted).
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Experiment 2b: It could be argued that it would also be possible to perform analyses like DSST taking tem-
perature into consideration. For DSST, this would require that past periods were identified during which
both precipitation and temperature were analogous to expected future changes. There are studies where his-
torical periods for model calibration are selected without reference to conditions (e.g., five consecutive 5‐year
periods), and the calibrated parameters are then associated with climatic conditions at the time (Merz et al.,
2011). Generally, these studies do look at the effects of factors other than precipitation, such as temperature.
However, the assumption that contrasting past periods can be used as a proxy for model performance under
climate change remains problematic and could fail for two reasons. Firstly, the past temperature differences
may not encompass the substantial increases in temperature expected in the future. Secondly, these
approaches do not take into account the impacts of climate change persistence. To check whether DSST
(or related methods) would be effective using past periods with precipitation and temperature statistics com-
parable to future climate, experiment 2b was developed. This is the same as experiment 2a, except that the
unadapted simulations (representing short‐term past periods) have the same increased temperature inputs
as the adapted simulations.
Experiment 3: To address the third question, experiment 3 was developed. This compares unadapted simula-
tions with altered precipitation against adapted simulations with altered precipitation, temperature, and
CO2. This is the study's most comprehensive test of using past variability in precipitation to estimate hydro-
logic response (and assess model performance degradation) under climate change. In reality, climate change
will result in precipitation changes, temperature increases, and enhanced CO2 all impacting the environ-
ment simultaneously, and these effects will be persistent. The adapted simulation for experiment 3 takes
these factors into account. If the results differ substantially from the unadapted simulations with altered pre-
cipitation only, it indicates that studies using past variability as a proxy for altered future climate are flawed,
for example, DSST underestimates likely model performance degradation under climate change.

Experiments 1 and 2 were designed to isolate the impacts of climate change persistence and temperature
increases, respectively, on catchment response, thus providing an indication of the associated implications
for DSST (and other procedures relying on past climate variability as a proxy for future change). The most
comprehensive test, and hence themost important for this study, is experiment 3, which accounts for climate
change persistence, temperature increases, and higher CO2 concentrations simultaneously. Therefore,
experiment 3 will best indicate the additional uncertainty induced in any climate change analysis based on
past hydrologic behavior.

Results for each experiment are presented on summary plots in the respective subsections. In addition,
normalized sensitivities of mean annual streamflow to mean precipitation and potential evapotranspiration
(PET) were calculated over the various 100‐year adapted simulations (Fatichi & Ivanov, 2014; Hsu et al.,
2012):

S ¼ β
V

Q

where S is the normalized sensitivity, β is the slope of the linear least squares fit, Q is mean annual stream-
flow, andV is the mean annual value of the second variable (precipitation or PET). This gave an indication of
the importance of CO2 and temperature shifts in determining catchment response under the climate change
scenarios.

3. Results
3.1. Current Climate

The experiment was run with simulated climate series equivalent to the current climate as a baseline. Since
the climate series were statistically generated, they were stationary over the 100‐year time period and the
model spin‐up time was sufficient to ensure the virtual catchment was stable (section 2.2). Therefore, no
major changes in catchment physical processes over the current climate adaptation period were expected.
A summary figure is introduced here and replicated for the experiments in later sections.

First, the summary figure shows similarity of the simulated daily hydrologic components (streamflow, base-
flow, evaporation, transpiration) between the adapted and unadapted (5 years) cases (Figures 2a–2d) to
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Figure 2. Summary of RHESSys results for current climate scenario. Day‐by‐day similarity of adapted versus unadapted (5
years) hydrologic variables (a) streamflow, (b) low flows, (c) evaporation, and (d) transpiration, all in mm/day, are shown
for current climate conditions. High similarity indicates that catchment adaptation over the preceding 95 years has not
changed simulated hydrologic fluxes over the final 5 years. This is followed by (e) a comparison of flow duration curves for
adapted versus unadapted simulations under current climate conditions. Adapted and unadapted hydrograph NSEs are
also shown here for the 5‐ and 10‐year simulations, with high NSE suggesting the unadapted streamflow results are similar
to the adapted. Note that the first year of the 5‐ or 10‐year simulation (and corresponding adapted simulation year) is
excluded in all correlation plots and flow duration curves to remove the immediate effects of initial conditions. Simulated
saturation deficit depth (f) is then shown for adapted and unadapted (5 and 10 years) models under current climate
conditions. Finally, simulated LAI (g) is shown for adapted and unadapted (5 and 10 years) models under current climate
conditions.
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indicate whether the unadapted simulations are different day‐by‐day from the adapted simulation. The dif-
ferences in water partitioning between the unadapted and adapted cases are indicated in these plots, calcu-
lated as a percentage change from the adapted case (i.e., a positive value indicates greater water allocation to
this component under unadapted conditions).

Flow duration curves show overall similarity in the modeled flow regimes (Figure 2e) and indicate
whether the unadapted simulations represent water availability and flood risk accurately compared to
the adapted simulation. NSE statistics for the adapted and unadapted hydrographs are also shown here.
These results signal how much performance degradation (in terms of NSE) might occur under a future
climate regime that cannot be captured by examining past periods. For example, an NSE of 0.9 would
suggest that true performance degradation under climate change would be 0.1 units greater than
suggested by DSST.

The final two panels show similarity in subsurface hydrology represented by saturation deficit depth
(Figure 2f) and catchment ecology represented by simulated LAI (Figure 2g); these plots aid in interpreting
the hydrologic response for each experiment. The boxes on the right hand side show the layout of the
summary figures that will be used throughout this paper.

As expected, the current climate results indicate that the unadapted simulations are not substantially differ-
ent from the last 5 and 10 years of the adapted simulation, respectively, except for minor inconsistencies
within the first year of the unadapted simulations. These differences are associated with the initial catch-
ment wetness condition for unadapted simulations and not changes in underlying catchment behavior (note
that the first year of the 5‐ or 10‐year simulation periods has been excluded from scatter plots and flow dura-
tion curves for this reason). Therefore, any notable differences in the adapted and unadapted results for the
experiments relate to the climate change variables and persistence we aim to test. The experimental results
are presented in the following sections 3.2, 3.3, and 3.4.

3.2. Wetter/Drier Future Climates (Experiment 1)
3.2.1. Wetter Future Climate
The simulation of hydrologic variables remained consistent between the adapted and 5‐year unadapted
models for the moderate and severe wetter future climate (Figures 3a–3d). It follows that the overall flow
regime was also consistent for the adapted and unadapted (5 and 10 years) simulations and the NSEs
between the hydrographs were close to unity (Figure 3e). Therefore, this experiment provided no evidence
against the use of historical wet periods as proxies for wetter future climate scenarios under the conditions
modeled here. Under less humid catchment conditions than those typical of WS18, with vegetation growth
limited by water availability, persistence of wetter conditions may be more important.
3.2.2. Drier Future Climate
The results of the severe drier climate scenario showed that streamflows (particularly low flows and
baseflow) were much higher in the 5‐year unadapted model than in the adapted model (Figures 4a2–
4b2). This difference was not associated with changes in evaporation or transpiration, which were simu-
lated consistently by the adapted and unadapted models (Figures 4c2–4d2) as there was enough water in
the root zone to supply water for evapotranspiration even under long‐term drier conditions. The propor-
tion of rainfall that generated streamflow and baseflow was much higher in the unadapted case than
the adapted case (Figures 4a2–4b2), but there was minimal change in water partitioning to
evapotranspiration (Figures 4c2–4d2).

The difference in streamflow for the severe climate change scenario was sufficient to have a substantial
impact on the overall flow regime, particularly for the 5‐year unadapted case (Figure 4e2). Based on the
NSE value calculated between the adapted and unadapted hydrographs, using 5‐year periods for DSST could
underestimate true performance degradation under severe climate change by nearly 0.4 NSE units.

Further investigation revealed that the discrepancies in streamflow for the unadapted and adapted simu-
lations were caused by differences in subsurface wetness, which was slow to adapt to the new conditions
for the severe climate change scenario (Figure 4f2). The saturation deficit was much greater in the
adapted model due to reduced drainage from the unsaturated zone under drier conditions. It took several
years for the water table in the unadapted simulations to reach the level of the adapted case (which
occurred around the final year for both the 5‐ and 10‐year unadapted models). Therefore, a short
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historical period (represented here by the unadapted models) would probably not give the same
decreases in catchment runoff that would actually result from a long‐term, severe decrease
in precipitation.

Figure 3. Summary figure for the adapted versus unadapted simulations under (1) moderate wetter and (2) severe wetter
scenarios. Note that the first year of the 5‐ or 10‐year simulation (and corresponding adapted simulation year) is
excluded in all correlation plots and flow duration curves to remove the immediate effects of initial conditions (but not
removed from time series plots).
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The results for the moderate climate change scenario show no significant difference between adapted and
unadapted results. This is because the rainfall reductions simulated for this scenario were not sufficient to
lower the water table outside the range of typical current climate variability. As such, the saturation

Figure 4. Summary figure for the adapted versus unadapted simulations under (1) moderate drier and (2) severe drier sce-
narios. Note that the first year of the 5‐ or 10‐year simulation (and corresponding adapted simulation year) is
excluded in all correlation plots and flow duration curves to remove the immediate effects of initial conditions (but not
removed from time series plots).
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deficit depth in the unadapted simulation quickly reached the same level as the adapted simulation, despite
slightly wetter initial conditions. The difference between the moderate and severe climate change results
suggests a threshold in subsurface catchment behavior is reached with rainfall reductions somewhere
between 15% and 30%.

3.3. Hotter and Wetter/Drier Future Climates (Experiment 2)
3.3.1. Hotter, Wetter Future Climate (Experiment 2a)
The adapted hotter wetter simulations gave substantially different day‐by‐day results to the unadapted
wetter simulations. This was true under both moderate and severe climate changes for all four hydrologic
variables shown (Figures 5a–5d). The overall flow regime was also different between the hotter adapted
and unadapted models for the severe climate change scenario, with low flows underestimated in the
unadapted simulations (Figure 5e2). The NSEs calculated between the hotter adapted and unadapted
hydrographs indicate that model performance degradation estimated using an observed wet period
(e.g., in DSST) would be slightly less than performance degradation under permanently hotter,
wetter conditions.

Evaporative dynamics were found to be notably altered under hotter conditions. Due to higher tempera-
tures, soil evaporation was higher in the hotter adapted simulations. However, this constitutes a small por-
tion (around 20%) of overall evaporation in the heavily forested virtual catchment, with the majority (over
70%) being sourced from the canopy. Canopy evaporation was consistently higher in the unadapted models,
which was associated with higher growing season LAI in these simulations and hence greater interception
(Figure 5g). The litter carbon store was also greater in the unadapted cases due to higher overall leaf cover,
leading to higher evaporation from the leaf litter relative to the hotter adapted case, but this constituted a
minor portion of overall evaporation.

The differences in evaporation and transpiration clearly relate to changes in vegetation dynamics. The
LAI results show reduced vegetation growth under the higher temperature conditions of the adapted
simulations (Figure 5g). This was caused partly by reduced leaf stomatal conductance in response to
increasing vapor pressure deficit under warmer conditions. Additionally, increased plant respiration
under high temperatures (evidenced by higher simulated respiration on average) increased carbon loss
and lowered primary productivity. The associated changes in transpiration varied over each year, with
the adapted model having higher transpiration at the beginning and end of each growing season but
lower transpiration in the middle of the season (Figure 6). This indicates that the hotter conditions of
the projected future climate (represented in the adapted model) have tended to elongate the growing
season but have reduced transpiration during the hottest part of the season. Contrasting rates of
transpiration were a notable driver of differences in overall streamflow. For the severe climate change sce-
nario, mean transpiration was overestimated and low flows tended to be underestimated in the unadapted
model (Figure 5b2), driven by higher transpiration towards the middle of the growing season (also the
season of the lowest flows). However, for the moderate climate change scenario, the effect on LAI was
smaller (Figure 5g1), so the increased evaporative demand driven by higher temperatures in the adapted
model had a greater relative influence. Overall, mean evapotranspiration was slightly underestimated in
the unadapted model, leading to low flow overestimation.

Streamflow simulations were also impacted by changes in the snow regime. While snow is not a regular
occurrence in this catchment, the few snowmelt events were often earlier and smaller in the hotter adapted
case than in the unadapted case, which sometimes led to offsets in streamflow timing. This occurred in the
cold season (also the season of the highest flows), so tended to impact high flows. For the severe climate
change case, there were only two notable snowmelt events (>5.0 mm) in the last 5 years of the hotter adapted
simulation and both preceded comparable events in the unadapted simulation. The effect of snowmelt on
streamflow was negligible for some events but large for others, depending on moisture levels in the catch-
ment at the time of snowmelt.
3.3.2. Hotter, Drier Future Climate (Experiment 2a)
The results for evaporation and transpiration under a hotter, drier future climate showed a similar seasonal
pattern to those under hotter wetter conditions (presented in section 3.3.1). However, in the severe drier
case, evapotranspiration in the hotter adapted model showed less recovery towards the end of the warm sea-
son due to water limitation. This meant that the unadapted model overestimated transpiration more
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strongly, leading to relative underestimation of low and medium flows (as opposed to low flows only in the
severe hotter wetter case). These results show that catchment sensitivity to temperature change depends on
moisture levels in the catchment.

Figure 5. Summary figure for the adapted versus unadapted simulations under (1) moderate hotter wetter and (2) severe
hotter wetter scenarios. Note that the first year of the 5 or 10‐year simulation (and corresponding adapted simulation year)
is excluded in all correlation plots and flow duration curves to remove the immediate effects of initial conditions.
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The balance between evaporative and subsurface moisture processes was different between the moderate
and severe climate change simulations. In the severe scenario, the LAI differences (which gave higher
evapotranspiration and hence lower flows in the unadapted case) had a bigger impact on the flow regime
than the differences in initial subsurface moisture. This explains why the streamflow results for this
experiment differ notably from those of the drier only experiment 1 (section 3.2.2). In the moderate climate
change case the LAI changes were minor, so higher temperatures drove greater evapotranspiration in the
hotter adapted case relative to the unadapted case. There were minimal differences in subsurface moisture,
so the unadapted case with lower evapotranspiration had higher streamflow.
3.3.3. Comparison With Historical Periods That are Also Hotter (Experiment 2b)
As indicated earlier, some past studies consider both temperature and precipitation when looking at model
performance under historical climate variability as a proxy for climate change (Coron et al., 2012; Merz et al.,
2011; Sleziak et al., 2018). This is common where periods are defined over time rather than with reference to
specific climatic conditions, and the climatic conditions of those sequential periods are then related back to
model parameters and behavior. This can give some insight into the effects of temperature change on model
efficiency, but the historical temperature differences are typically much smaller than the increases expected
in the future. Additionally, the periods of high temperature may not align with the periods where precipita-
tion is analogous to future projections. As shown in sections 3.3.1 and 3.3.2, the same temperature increase
can lead to different effects on catchment behavior under wet versus dry conditions. However, if it is
assumed that it could be possible to find analogous historical periods where both temperature and precipita-
tion statistics were representative of future conditions, the short duration of these impacts could still make
them unrepresentative.

The simulations representing this scenario, where both the unadapted and adapted results were hotter than
the current climate, showed that long‐term adaptation of the catchment did not substantially impact

Figure 6. Comparison of evapotranspiration seasonality for the adapted versus (a) unadapted (5 years) and (b) unadapted (10 years) simulations under (1) moderate
hotter wetter and (2) severe hotter wetter scenarios. Note that the first year of the 5‐ or 10‐year simulation (and corresponding adapted simulation year) is excluded
from the calculations to remove the immediate effects of initial conditions.
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Figure 7. Summary figure for the adapted versus unadapted simulations under (1) moderate hotter drier and (2) severe
hotter drier scenarios. Note that the first year of the 5‐ or 10‐year simulation (and corresponding adapted simulation
year) is excluded in all correlation plots and flow duration curves to remove the immediate effects of initial conditions.
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Figure 8. Summary figure for the adapted versus unadapted simulations under (1) moderate hotter drier and (2) severe
hotter drier scenarios. Both temperature increases and precipitation changes are simulated in the adapted and una-
dapted cases. Note that the first year of the 5‐ or 10‐year simulation (and corresponding adapted simulation year) is
excluded in all correlation plots and flow duration curves to remove the immediate effects of initial conditions.
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Figure 9. Summary figure for the adapted versus unadapted simulations under (1) moderate hotter wetter scenario with
increased CO2 and (2) severe hotter wetter scenario with increased CO2. Note that the first year of the 5‐ or 10‐year
simulation (and corresponding adapted simulation year) is excluded in all correlation plots and flow duration curves to
remove the immediate effects of initial conditions.
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hydrologic results under hotter wetter conditions (i.e., the results were similar to those shown in Figure 3).
Under severely hotter drier conditions, there were deviations in subsurface moisture between the adapted
and unadapted models, although these were smaller than those reported for a drier climate in
section 3.2.2 because the hotter adapted case had higher evapotranspiration than the hotter unadapted
case (whereas the evapotranspiration was the same in both cases for experiment 1).

The differences in evapotranspiration were caused by a lag in simulated ecological response under hotter
conditions. Higher respiration under hotter conditions led to a reduction in LAI for both adapted and una-
dapted simulations, but in the severe climate change case, it took some time for the unadapted LAI to adjust
(Figure 8g2). This meant that the LAI discrepancies were much more notable in the hotter drier scenario
than in the drier scenario. Therefore, while evaporation and transpiration remained comparable in the
adapted and unadapted cases when the scenario was severely drier (Figures 3c2–3d2), these variables
showed more discrepancy in the severe hotter drier case (Figures 8c2–8d2).

3.4. Hotter and Wetter/Drier Future Climates With Increased CO2 (Experiment 3)
3.4.1. Hotter, Wetter Future Climate With Increased CO2

Experiment 3 is themost holistic in accounting for themain assumptions involved in using past variability as
a proxy for future change. The results indicate that DSST, for example, would likely underestimate hydrolo-
gic model performance degradation under wetter future climate conditions, but only by a small amount (less
than 0.06 NSE units in all cases considered here, Figure 9e). This suggests that DSST may be appropriate for
investigating hydrologic model performance degradation for wetter future conditions, at least for catch-
ments with similar ecohydrologic behavior to our study catchment. However, past periods are likely to be
less representative if the aim is to understand ecohydrologic processes in detail rather than just total flow
at the catchment outlet.

Figure 10. Comparison of evapotranspiration seasonality for the adapted versus (a) unadapted (5 years) and (b) unadapted (10 years) simulations under (1) mod-
erate hotter wetter scenario with increased CO2 and (2) severe hotter wetter scenario with increased CO2. Note that the first year of the 5‐ or 10‐year simulation (and
corresponding adapted simulation year) is excluded from the calculations to remove the immediate effects of initial conditions.
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When increased CO2 was added to the adapted simulation, transpiration and evaporation both increased
(Figures 9c–9d compared to Figures 5c–5d). This decreased adapted case flows (relative to the experiment
without increased CO2), so the unadapted case had a greater proportion of rainfall partitioned to flow than
the adapted case (Figures 9a–9b).

Figure 11. Summary figure for the adapted versus unadapted simulations under (1) moderate hotter drier scenario with increased CO2 and (2) severe hotter drier
scenario with increased CO2. Note that the first year of the 5‐ or 10‐year simulation (and corresponding adapted simulation year) is excluded in all correlation plots
and flow duration curves to remove the immediate effects of initial conditions.
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For the severe climate change scenario, the combined effects of increased temperature and increased CO2

counteract the low flow bias shown in Figure 5b2 so that the adapted and unadapted results are more
consistent (Figures 9b2 and 9e2). Similar offsetting between meteorological and CO2 effects was reported
by Band et al. (1996) in a RHESSys modeling study examining catchment sensitivity to climate change.

For the moderate climate change scenario, temperature increases alone did not notably impact the flow
duration curve (Figure 5 e1), but the addition of increased CO2 led to slight overestimation of medium flows
in the unadapted simulations relative to the adapted results (Figure 9e1). This was caused by lower LAI and
hence lower evapotranspiration in the unadapted results without temperature or CO2 increases. The results
of this experiment highlight the complexity of considering multiple environmental stressors simultaneously.
Catchment sensitivity to the different variables and the extent to which they shift will determine the overall
effects on runoff response.

Given that high CO2 concentrations are generally understood to reduce transpiration (Ajami et al., 2017;
Medlyn et al., 2008), the results presented here (which show higher transpiration and evaporation with
increased CO2 relative to the same conditions with current CO2 levels) may seem surprising. This outcome
is attributed to an increase in overall plant biomass caused by improved water use efficiency and CO2

fertilization effects (Donohue et al., 2016; Tague et al., 2009; Wong et al., 1979). The increased productivity
is evidenced by higher LAI values in the adapted simulation (Figure 9g compared to Figure 5g). The higher
leaf area enhanced transpiration, counteracting the effects of stomatal closure under high CO2 conditions.
The increased canopy cover led to greater canopy evaporation, the main component of total evaporation
in the virtual catchment. Similar patterns in evapotranspiration seasonality to those observed without
increased CO2 (Figure 6) were observed here (Figure 10), but the magnitude of adapted case evapotranspira-
tion was higher in the growing season.

3.4.2. Hotter, Drier Future Climate With Increased CO2

The results shown here give ourmost complete assessment of past periods as proxies for future shifts towards
drier overall conditions. The NSE results (Figure 11e) suggest that DSST could underestimate true perfor-
mance degradation in all cases modeled here by over 0.1 NSE units. In the most extreme case, with severe
climate change and 5‐year past periods, DSST would likely underestimate true performance degradation
by nearly 0.5 NSE units. Future model performance degradation may be vastly underestimated for drier
future scenarios in the current literature. This is particularly concerning because model robustness under
drier future scenarios is already understood to be low (Vaze et al., 2010).

For the hotter, drier future climate scenario with increased CO2, the results indicate complex ecohydrologic
interactions. The vegetation growth (evidenced by LAI) was similar to the wetter case (section 3.4.1), con-
firming that these dynamics are driven primarily by temperature and CO2 differences rather than long‐term
adaptation to altered precipitation (Figure 11g). As in the wetter case with increased temperature and CO2 (
section 3.4.1), the aggregate effect of increased temperature on flows sometimes opposed the effects of
increased CO2 in the long term.

For the severe climate change scenario, the streamflow was greater in the unadapted case. Higher tempera-
tures tended to reduce LAI and hence transpiration (Figure 7g), but increasing CO2 had a positive and larger
impact, leading to higher LAI in the adapted case (Figure 11g). This was partially offset by stomatal closure
effects, so the unadapted case still had slightly higher transpiration than the adapted case (but lower canopy
evaporation). Overall, the effects balanced out such that the streamflow results loosely resemble those of the
severe drier experiment (Figures 4a2–4b2 and e2).

For the moderate climate change scenario, ecological changes induced by higher CO2 tended to increase
adapted case evapotranspiration on balance (Figures 11c1–11d1), since LAI changes were still significant
but stomatal closure was less influential than in the severe climate change scenario. Therefore, the una-
dapted case tended to have higher flows than the adapted case (Figures 11a1–11b1), with both temperature
and CO2 shifts decreasing adapted flows on balance.

3.5. Streamflow Sensitivity to Precipitation and PET

Increased temperature and CO2 concentrations are often ignored in assessments of hydrologic nonstationar-
ity, but the results of this work highlight the importance of considering adaptation to all three climate drivers.
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The sensitivity ofmodeled streamflow to the same statistical precipitation change was notably different when
temperature and/or CO2 increases were simulated aswell (Table 2). Increased temperatures generally led to a
weaker (negative) relationship between PET and streamflow. The addition of increased CO2 had a greater
impact on streamflow sensitivity to PET for dry scenarios than wet scenarios. However, increased CO2 had
a bigger impact on streamflow sensitivity to precipitation under wet scenarios.

4. Discussion

The results of these experiments clearly demonstrate that using past historical periods as proxies for future cli-
mate when predicting hydrologic processes is unreliable. Gradual dynamic adjustment of the ecosystem to
persistent precipitation shifts is important, along with changes in variables such as temperature and CO2,
and these are not comparable in past observations. In our experiments, this was especially influential under
drier conditions where the results showed that delayed adjustment of the saturation deficit depth caused dif-
ferences in runoff behavior between adapted and unadapted conditions. This raises a concern for continued
use of conceptual hydrologic models, since analyses of model transferability (for example, studies applying
DSST) have already shown low robustness under contrasting climate states; our results suggest that future
robustness under climate change may be even lower. Catchment sensitivity to increased temperatures was
higher under dry than wet conditions, suggesting that failing to account for hotter future conditions could
add greater uncertainty in locations where the future climate is projected to be drier on average.
Additionally, ecological responses to both increased temperature and increased CO2 were shown to play an
important role inwater partitioning and streamflow simulation. Together, thesefindings suggest that the issue
of nonstationarity for hydrologic assessments under climate change has been understated in recent literature.

Since studies have shown that uncertainty in hydrologic models is comparable to other key sources of uncer-
tainty in climate change impact assessments (Chawla & Mujumdar, 2018), water practitioners are looking
for ways to increase confidence in hydrologic modeling results. One option would be better accounting for
climate change impacts associated with groundwater and ecological processes. In some cases, this could
mean adopting distributed, physically based models like RHESSys. However, these models are computation-
ally expensive and quality simulations require data that are not available in many locations. An alternative
would be to extensively study the effects of climate change over a wide range of catchments and develop a
system of classification, so particular types of catchments under given scenarios would be related to certain
likely changes in catchment behavior. This information could then be applied in conceptual simulations of
other catchments with the same classification. For example, if a large sample of small, forested catchments
in humid regions (like Coweeta) showed similar climate change effects, future conceptual modeling of a
similar catchment might involve testing the potential impact of such effects at the site. This could involve
adding time‐varying parameterization schemes informed by the modeler's understanding of possible shifts
in hydrologic processes, although this would need to move beyond past approaches that have retrospectively
fit time‐varying parameters within the observational record (Kelleher & Shaw, 2018; Stephens et al., 2019;
Westra et al., 2014). At a minimum, it is important that water practitioners using conceptual models are
aware of the additional uncertainty introduced by model nonstationarity under climate change scenarios.
Our results should be interpreted together with the outcomes of studies using traditional methods (such
as DSST) to inform this understanding. Procedures like DSST may capture the uncertainty associated with
fixed model parameterization under climate change in some cases, but further errors are likely to be
introduced if the future state is drier or the climate change scenario is severe.

Table 2
Normalized Sensitivity of Streamflow to Precipitation (P) and PET Under Future Climate Conditions Considering Changes in Precipitation
Only, Precipitation + Temperature, and Precipitation + Temperature + CO2

Scenario

ΔPrecipitation ΔPrecipitation + ΔTemperature ΔPrecipitation + ΔTemperature + ΔCO2

P PET P PET P PET

Moderate wetter 1.62 −1.25 1.63 −1.12 1.68 −1.11
Moderate drier 1.80 −1.76 1.82 −1.77 1.80 −1.70
Severe wetter 1.57 −1.14 1.51 −0.85 1.58 −0.82
Severe drier 2.23 −1.95 1.93 −1.26 1.92 −1.16
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In addition, this study highlighted the value of conducting catchment change experiments using a virtual
laboratory. The RHESSys model was able to plausibly represent changes in the response of a hypothetical
catchment under various climate scenarios, supporting an experimental design that would not be feasible
in a real catchment. For simplicity, only one baseline catchment state was included in this work (based
on a model of the true WS18 catchment plus our spin‐up). However, the virtual laboratory concept can be
extended well beyond this. For example, potential catchment sensitivities under different conditions could
be explored by

1. altering catchment characteristics such as soil type and vegetation composition;
2. applying climate data from another region, including for model spin‐up; and
3. using models developed in a range of different catchments to repeat the same experiment.

While all catchment models are subject to limitations, the thoughtful use of detailed, process‐based
simulation for experimental testing could lead to interesting insights. In particular, such experiments could
compliment data‐driven studies examining shifts in catchment behavior under the climate change impacts
that have been observed so far. Further numerical experiments should therefore be undertaken at other
well‐studied, instrumented catchments that are representative of different geomorphic, land use, and
biome conditions.

The experiments in this study investigated the hydrologic response to long‐term climate change compared to
short‐term historical variability in consideration of precipitation, temperature, and CO2 changes for a virtual
catchment. In reality, there are many other potential climate change impacts on catchment response that
could further increase uncertainty in hydrologic assessments. These include shifts in vegetation composition
(Walther, 2003), vegetation mortality (Allen et al., 2015), infestation frequency (Wilcox, 2010), and wildfire
risk (Ruthrof et al., 2016). None of these potential drivers of catchment behavioral change have been
accounted for in the experiments, and all of them could further impact future streamflow under adapted
conditions. Therefore, the uncertainty introduced by long‐term persistence of future climate conditions
could be even higher in catchments subject to such effects. Additionally, trends in climate variables may
be complex and time‐varying (Stephens, McVicar, et al., 2018), meaning that potential effects are not fully
captured in statically defined scenarios. Future work should investigate catchment adaptation under the
IPCC climate change projections that simulate impacts building over time.

The experiments described here have been conducted using a virtual catchment with plausible features and
behavior. The results have demonstrated that there are fundamental flaws in using past periods as proxies
for future climate change scenarios, but the extent and nature of the problem will vary depending on base-
line climate and catchment properties such as area and topography, as well as soil and vegetation types.
Future work could test whether similar results would be obtained in catchments with different areas, vege-
tation cover (including evergreen forests and/or grasses), water table dynamics, and terrain. It is likely that
past wet/dry periods would prove most unrepresentative of future climate shifts in catchments where
groundwater response to precipitation changes is lagged and vegetation dynamics heavily impact the
water cycle.

The results of this assessment are also dependent on specific features of the RHESSys modeling plat-
form. We selected RHESSys as the most fit‐for‐purpose model because it simulates dynamic vegetation
growth, nutrient cycling, and explicit hydrologic routing. There are relatively few catchment‐scale ecohy-
drologic models available that contain these key components (Fatichi et al., 2016), and RHESSys has
been successfully applied to investigate forest ecosystem response to climate change and the impacts
on catchment hydrology in prior studies (Hwang et al., 2018; Tague et al., 2009). However, the represen-
tation of subsurface processes in RHESSys is somewhat simplified, with only two soil layers representing
the unsaturated and saturated zones, respectively. It is possible that a more detailed subsurface represen-
tation, such as that provided by ParFlow.CLM (Kollet & Maxwell, 2008), would better capture some of
the relevant dynamics (although we are not aware of any models that contain such detailed subsurface
representation as well as dynamic vegetation growth). Any aspect of model structure or parameterization
that impacts sensitivity to vegetation or subsurface dynamics will influence the outcomes of this study,
so the results should be viewed as conceptual rather than predictive. While the specific sensitivities
presented here are both site and model dependent, the overall lessons are likely applicable to
many catchments.
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5. Conclusion

Virtual catchment experiments using an ecohydrologic model that simulates nutrient cycling, dynamic vege-
tation, and subsurface flow were undertaken to examine the assumption that statistical precipitation
changes will be the main driver of hydrologic model nonstationarity under climate change. If other factors
such as persistence of precipitation changes, temperature shifts, and higher CO2 concentrations introduce
significant changes in catchment behavior, this assumption cannot be considered valid. The results showed
large differences in catchment response between the simulations representing unadapted past periods versus
adapted future periods, particularly under drier conditions. Because many methods currently used to assess
nonstationarity in hydrologic analyses (e.g., DSST) rely on contrasting past periods as proxies for future
climate change, the problem of transferring models to a drier future climate may be underestimated in
the current literature. This is concerning because nonstationarity in many commonly used hydrologic
models under drier conditions is already understood to be relatively high. The overall streamflow discrepan-
cies between past and future simulations with equivalent precipitation statistics were much smaller under
wetter conditions, indicating that historical variability may provide more reliable information on catchment
response under wetter future climate scenarios. However, there were still notable differences in several
factors that could be important for hydrologic studies, such as low flows, baseflow, and transpiration. The
outcomes of this investigation highlight the substantial uncertainty introduced when projecting past
catchment behavior forward into unseen future conditions. Given that past periods with equivalent
precipitationmay not be appropriate proxies for future climate conditions, improved physical understanding
and modeling of complex processes will be required to maintain confidence in water resource assessments
under climate change.
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