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warming: results from long-term experimental watershed
sites across North America
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Abstract

Climate warming is projected to affect forest water yields but the effects are expected to vary. We investigated how forest
type and age affect water yield resilience to climate warming. To answer this question, we examined the variability in his-
torical water yields at long-term experimental catchments across Canada and the United States over 5-year cool and
warm periods. Using the theoretical framework of the Budyko curve, we calculated the effects of climate warming on the
annual partitioning of precipitation (P) into evapotranspiration (ET) and water yield. Deviation (d) was defined as a catch-
ment’s change in actual ET divided by P [AET/P; evaporative index (EI)] coincident with a shift from a cool to a warm
period — a positive d indicates an upward shift in EI and smaller than expected water yields, and a negative 4 indicates a
downward shift in EI and larger than expected water yields. Elasticity was defined as the ratio of interannual variation in
potential ET divided by P (PET/P; dryness index) to interannual variation in the EI — high elasticity indicates low d
despite large range in drying index (i.e., resilient water yields), low elasticity indicates high d despite small range in dry-
ing index (i.e., nonresilient water yields). Although the data needed to fully evaluate ecosystems based on these metrics
are limited, we were able to identify some characteristics of response among forest types. Alpine sites showed the greatest
sensitivity to climate warming with any warming leading to increased water yields. Conifer forests included catchments
with lowest elasticity and stable to larger water yields. Deciduous forests included catchments with intermediate elasticity
and stable to smaller water yields. Mixed coniferous/deciduous forests included catchments with highest elasticity and
stable water yields. Forest type appeared to influence the resilience of catchment water yields to climate warming, with
conifer and deciduous catchments more susceptible to climate warming than the more diverse mixed forest catchments.
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Introduction

Since the Industrial Revolution, warmer air tempera-
tures have been observed at continental scales (Jansen
et al., 2007). The effects of climate warming on water
yield from headwaters are of great concern given their
key role as water supply source areas (National
Research Council, 2008). Long-term meteorological and
hydrological records in headwater catchments, initiated
to investigate management effects on hydrological
fluxes in the early 20th century, are increasingly valu-
able for exploration of the effects of climate warming
on water supplies. These data indicate that water yield
response to climate warming varies among biomes
(Jones et al., 2012). This variability highlights the diffi-
culties of predicting water yield response to climate
change and its consequences for downstream water
supplies (Bates et al., 2008).

Different responses among catchment water yields to
climate warming may reflect differences in resilience.
Resilience concepts in environmental studies were first
introduced by Holling (1973), who defined a resilient
ecosystem as one that is able to absorb change while
maintaining ecosystem function. Holling (1996) went
on to distinguish between the concepts of engineering
vs. ecological resilience. Engineering resilience suggests
that a system may exist in only one stable equilibrium
state; to measure such a system’s resilience, one must
determine its resistance to change and the time needed
to return to the equilibrium state. Ecological resilience
suggests that a system may exist in multiple stable
equilibrium states; resilience in this case is measured as
the magnitude of change an ecosystem can absorb
before it shifts from one stable state to another stable
state. While humans may deem some equilibrium states
more desirable or valuable than others, the assumption
is that each stable state is ecologically functional. There-
fore, the main difference is that engineering resilience
implies a single state (the system may be displaced
from that state but if it is resilient, it will return to it),
whereas ecological resilience implies a system flip
among two or more stable states, all of which reside in
a landscape of possible alternatives, and different disci-
plines have adopted different definitions to describe
resilience (Brand & Jax, 2007).

Catchment scientists have recently started to apply
resilience concepts to hydrological sciences. In this arti-
cle, we adopt the concept of hydrological resilience
(Gerten et al., 2005): the ability of a catchment to absorb
change and maintain or quickly regain hydrological
function. This definition effectively refers to engineer-
ing resilience, which is more appropriate than ecologi-
cal resilience for exploring the impact of climate

warming on catchment water yields. Hydroloigcally
resilient catchments are those with stable (operating
within a range of natural variability, Poff et al., 1997)
and/or predictable water yields in face of changing
environmental conditions. Catchments that lack hydro-
logical resilience can be problematic. Human communi-
ties have often developed on the basis of historical
water yields, and for this reason, substantial changes to
water yields place these communities at risk.

Recent catchment hydrological studies have used a
Budyko curve (Fig. 1, Budyko, 1974) approach to exam-
ine the interactions of climate, vegetation and water
yield (e.g., Wang & Hejazi, 2011; Gentine et al., 2012;
Williams et al., 2012; Troch et al., 2013), but none of
these studies uses long-term data from forested head-
water catchments to explore the hydrological resilience
of water yields to changing climate. We use the Budyko
curve to explore the concept of hydrological resilience.
This well-known curve describes the relationship
between a catchment’s potential evapotranspiration
(PET) and its actual evapotranspiration (AET), each
normalized by precipitation (P) — ie., the curve
describes AET/P (evaporative index, EI) as a function
of PET/P (dryness index, DI). Budyko defined two
catchment states, with evapotranspiration (ET) being
limited by either energy supply or water supply. Cli-
mate determines the drying power of the atmosphere
(net radiation and vapor pressure deficit) and the sup-
ply of water in the catchment (intercepted by the can-
opy or stored on ground surface or in soil) both of
which influence ET. A value of DI <1 indicates a
humid, energy-limited catchment, whereas a value of
DI > 1 indicates a dry, water-limited catchment. A
catchment can be plotted on the Budyko curve based
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Fig. 1 A Budyko diagram (evaporative vs. dryness index). The
solid lines represent energy and water limits to the evaporative
index, and the dashed line represents the original theoretical
Budyko curve (after Budyko, 1974).
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on its DI and EI. Paired DI and EI values based on
long-term monitoring data from North American for-
ested headwater catchments place the catchments on or
near the Budyko curve (Jones ef al., 2012). Long-term
offsets from the curve are likely due to unaccounted-for
site characteristics such as vegetation type (Zhang et al.,
2001), soil type (Wang et al., 2009), water storage capac-
ity (Milly, 1994), or timing of water recharge (Potter
et al., 2005). We conceive of forested headwater catch-
ments as exhibiting hydrological resilience because
they hover around an attractor state defined by the
Budyko curve but occasionally deviate due to a climatic
variability or climatic extremes. Ultimately, though,
they return to that attractor.

An underlying assumption of the Budyko approach
is that over the long-term, mean annual P can be pre-
dictably partitioned into ET and water yield (Q):
P =ET + Q. The larger the DI (Fig. 1), the greater the
proportion of precipitation that is partitioned to ET and
the less that is available for discharge (water yield). A
catchment that plots on the left-hand side of the curve
will have greater water yield (smaller EI) than those
catchments that plot on the right-hand side of the curve
(larger EI). However, the Budyko curve may also pro-
vide a useful framework for developing a predictive
understanding of how catchments respond to changing
climatic conditions. For an individual catchment, we
ask the questions: As DI (climate) changes, how does EI
(water partitioning) respond? And do the DI and EI
points move along the Budyko curve or do they deviate
from the curve? A catchment that plots above (below)
the curve is allocating more (less) water than predicted
to ET and is yielding less (more) than predicted in the
form of runoff. Relative to the Budyko curve, we define
hydrological resilience as the ability of a catchment to
absorb the effects of climate change and still maintain
hydrological function as predicted by the curve. We
suggest that hydrologically resilient catchments need
not be fixed at a specific location on the Budyko dia-
gram but that they do need to adapt to changing condi-
tions such that their DI and EI points keep them near
the Budyko curve.

To the extent that recent climate warming has mani-
fested as increased atmospheric drying power
(increased DI), we would expect that hydrologically
resilient energy-limited catchments may be changing
their allocations of P such that the proportion going
into ET is increasing (increased EI) at the expense of
water yield. A number of mechanisms operating over a
range of scales could be involved, including (a) stomata
closing in response to the increase in drying power; (b)
forests accessing water stored in riparian areas, wet-
lands and lakes; or (c) forests reallocating water
between evaporation (from intercepted or stored water)

and transpiration, with some tree species reallocating
more toward one than the other. All of these, as well as
other factors like changes in timing and magnitude of
precipitation (including partitioning of rain vs. snow)
and changes in vegetation and soil composition, might
produce a catchment response to climate warming
indicative of an ‘adaptive capacity’ of the forest (Gun-
derson, 2000).

In this study, we examined changes in a catchment’s
DI and EI coincident with climatic transitions from rela-
tively cool to warm conditions. We looked specifically
for deviations from the Budyko curve with time to
determine whether the catchments shifted predictably
in terms of their water balance. To that end, we devel-
oped quantitative metrics to express changes in a catch-
ment’s Budyko characteristics with time. Dynamic
deviation (d) is a measure of change in a catchment’s EI
relative to the Budyko curve as climate varies — in other
words, a measure of the extent to which the allocation
of precipitation to ET vs. runoff matches theoretical
expectations. Elasticity is a measure of a catchment’s
ability to maintain water partitioning consistent with
the Budyko curve as climate varies (i.e., the ratio of a
catchment’s range in DI to its range in EI). Elasticity of
water yield to changes in P has shown utility in quanti-
fying hydrological sensitivity to climate change
(Schaake, 1990; Sankarasubramanian et al., 2001); we
apply elasticity to Budyko characteristics. A catchment
has high elasticity if its DI changes with climate warm-
ing, but EI changes only slightly. In contrast, a catch-
ment has low elasticity if EI responds substantially to
changes in DI.

We used elasticity as an indicator of the hydrological
resilience of catchments. Hydrological resilience is
exhibited when a change in DI results in a correspond-
ing change in EI such that the system moves along the
theoretical Budyko curve —i.e., its water yields respond
consistently with theoretical expectations (high elastic-
ity and low deviation). A lack of hydrological resilience
is exhibited when a change in DI results in a corre-
sponding change in EI that pushes the system away
from the theoretical Budyko curve —i.e., its water yields
are larger or smaller than would be predicted from the-
oretical expectations (low elasticity and high deviation).
A nonresilient state could lead to fundamental changes
in forest structure and function and possibly shift the
catchment into a permanent alternative state.

We investigated how water partitioning between ET
and runoff has responded over time to climate warm-
ing in forested headwater systems, and how forest type
and forest history affect hydrological resilience to cli-
mate warming. In answering this question, we tested
two hypotheses. First, during climate warming, resil-
ient catchments (high elasticity and low deviation) will

© 2014 The Authors Global Change Biology Published by John Wiley & Sons Ltd.,
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shift along the Budyko curve, but nonresilient catch-
ments (low elasticity and high deviation) will deviate
upward from the theoretical curve, indicating a
decrease in water yield. The magnitude of decline in
water yields (increasing EI) will be a positive function
of the extent of warming but may be modified by the
direction of precipitation change. Wetter conditions
serve as a negative feedback (less deviation), while
drier conditions serve as a positive feedback (more
deviation). Second, elastic catchments will be character-
ized by relatively undisturbed conditions, with mixed
forests being more elastic than either purely coniferous
or deciduous forests and with older forests being more
elastic than younger forests (recognizing that we may
not have sufficient sample size to test the role of forest
age as rigorously as we would like). The relatively short
cool and warm periods used in this study (5 years) give
us a basic understanding of catchment responses to
changing climate, which can then give us an indication
of what longer-term responses might be.

Our analysis uses long-term monitoring data from
headwater catchments, including sites of the United
States (US) Long Term Ecological Research (LTER), US

Forest Service, US Geological Survey, and Canadian
HydroEcological Landscape Processes (HELP) net-
works. Each site benefits from a generation or more of
site studies of local processes and patterns. This analy-
sis is one of the first to combine US and Canadian data
from coast to coast to explore headwater catchment
responses to changing environmental conditions across
broad climatic gradients.

Materials and methods

Study sites

More than 100 potential catchments from the combined net-
works were examined as possible candidates for the analysis
of catchment response to climate warming. We selected for-
ested and alpine headwater catchments that were located
within forest regions that had (a) no anthropogenic distur-
bances since 1950; (b) a minimum of 15 years since 1980 of
consecutive and coincident records of daily air temperature
(T, °C), precipitation (P, mm yr '), and water yield (Q, L s™");
and (c) detectable shifts from cooler to warmer air tempera-
tures. These criteria resulted in the selection of 21 headwater
catchments at 12 sites (Fig. 2; Tables 1 and 2; Table S1). At

/
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Fig. 2 Location of long-term monitoring catchments that met the selection criteria for this study (n = 12). Site identifiers are: 1, HJ
Andrews; 2, Carnation; 3, Coweeta; 4, Dorset; 5, Experimental Lakes Area; 6, Fernow; 7, Hubbard Brook; 8, Loch Vale Watershed; 9,

Marecell; 10, Niwot; 11, Turkey Lakes Watershed; 12, Upper Penticton.
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Table 2 Catchment 5-water-year (5-wyr) cool periods (period with lowest average temperature) and 5-wyr warm periods (period
with highest average temperature), changes in temperature and precipitation during shift from cool to warm period, as well as com-
ponents of catchment departures from the Budyko curve [static (s) and dynamic (d) deviations] and catchment abilities to maintain
water partitioning consistent with the Budyko curve as climate varies (elasticity ¢). Catchment ecosystem type (alpine, coniferous,
deciduous or mixed coniferous and deciduous forest) and age also provided

ID  Catchment Cool period ~ Warm period AT (°C) AP (%) s d e Forest type  Forest age (years)
la AND 2 1982-1986 1988-1992 0.57 —21 016 —0.01 1.61 Coniferous 450-500
1b AND 8 1982-1986 1988-1992 0.57 —21 0.19 0.03 1.33 Coniferous 450-500
2 CAR 1985-1989 1990-1994 0.43 9 0.07 -0.18 0.23 Coniferous >100

3a CWT 17 1977-1981 1989-1993 1.13 13 0.17 0.02 2.08 Coniferous 60

3b CWT 18 1977-1981 1989-1993 1.13 13 —0.04 0.01 1.61 Deciduous 80

4a DOR HP3 1992-1996 1998-2002 1.65 -12 —0.04 0.04 1.04 Deciduous >100

4b DORHP 3A  1992-1996 1998-2002 1.65 —12 —0.02 0.00 120 Deciduous >100

4c DOR HP 4 1992-1996 1998-2002 1.65 —12 —0.02 0.05 0.83 Deciduous >100

4d DOR HP 5 1992-1996 1998-2002 1.65 —12 —0.07 0.08 0.66 Deciduous >100

4e DOR PC 1992-1996 1998-2002 1.81 -8 —0.04 0.00 0.98 Mixed >100

5 ELA 1993-1997 1998-2002 1.85 14 0.09 —0.01 1.68 Coniferous >100

6 FER 1977-1981 1987-1991 1.44 —6 011 —0.02 124 Deciduous 90-100
7a HBR 3 1992-1996 1998-2002 1.36 —4 —0.04 0.00 198 Deciduous 100

7b HBR 6 1992-1996 1998-2002 1.36 —4 -0.03 —0.02 209 Deciduous 100

8 LVW 1995-1999 2000-2004 0.88 —27 0.04 -0.17 035 Alpine >100

9a MAR 2 1993-1997 1998-2002 2.12 -2 022 005 291 Mixed >80

9b MAR 5 1993-1997 1998-2002 291 -2 031 —-005 272 Mixed >80

10 NWT 1992-1996 2000-2004 0.67 -17 020 -0.16 0.33 Alpine >100

11a TLW 35 1992-1996 1998-2002 1.95 —12 0.11 0.01 116 Deciduous >140

11b  TLW 38 1992-1996 1998-2002 1.95 —12 014 —-005 151 Deciduous >140

12 UPC 1995-1999 2002-2006 0.59 —13 0.04 —-0.08 0.72 Coniferous 125

some sites, multiple catchments were selected if they provided
a contrast in catchment properties that could influence water
partitioning. While these criteria resulted in a relatively small
sample size and limits the detail of the analysis, there is
enough variety in geographic area and site characteristics to
make general observations about the effects of climate warm-
ing on different forest types and ages.

Dryness index (DI) and Evaporative index (EI)

For each catchment, T, P, and Q data were converted from
daily to average monthly and annual T and total monthly and
annual P and Q values (over water years, October through
September). For sites with multiple T or P stations, the recom-
mendations of local site researchers were followed in choosing
either a representative single station record or some combina-
tion of the multiple station records.

Water-year PET was calculated for each catchment as a
function of average monthly T according to the Hamon (1963)
formula because only T data were available for all sites. The
Hamon formula has a tendency to underestimate PET (Yao,
2009), but performs better than other T-based PET models and
is comparable to common radiation-based PET models (Lu
et al., 2005). Water-year AET was estimated using a water bal-
ance approach and measurements of annual P and Q:
AET = P — Q — AS, where AS is change in water storage vol-
ume. We assumed steady-state water storage (i.e., AS = 0) for

the time periods encompassed in this study. Both PET and
AET estimates may be affected by variation in groundwater
recharge and storage among sites due to different surficial and
bedrock geologies (Table 1).

Budyko curve

The Budyko curve was developed as a theoretical expression
to explain how annual water balance is partitioned as a func-
tion of the relative magnitude of water and energy supply.
Several attempts have been made to derive theoretical equa-
tions that explain this relationship, and these equations have
been applied and modified for catchments around the world.
We used the equation from Zhang et al. (2001), which accounts
for plant-available water w that was tailored specifically for
different catchments (i.e., w =2 in forested catchments,
w = 0.5 in grassland or cropland catchments, and w =1 in
mixed cover catchments). We used the Zhang et al. (2001)
model to give the theoretical relationship between DI and EI
in our catchments using w = 2 for all catchments.

Climate warming shifts

For each catchment, a 5-water-year (5-wyr) moving average of
the T time series was calculated. A catchment’s ‘cool period’
was defined as the 5-wyr period with the minimum 5-wyr T.
A catchment’s ‘warm period” was defined as the first 5-wyr
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period after the cool period (no overlapping years) for which
the 5-wyr T was (a) warmer than the previous 5-wyr T and (b)
warmer than the subsequent three 5-wyr (moving-average) T
values by more than 1 standard deviation. All such warming
shifts were identified in the T record, and the largest shift was
then selected as the basis for this analysis. The ‘break point’ is
the last year of the designated cool period. The selected cool
and warm periods did not necessarily include the temperature
minima and maxima observed during the periods of record
(Table 2).

Budyko metrics: deviation and elasticity

We developed several custom indices to describe the potential
departure from the theoretical Budyko curve of a catchment’s
DI and EI points with time.

Deviation was characterized as a vertical departure from the
Budyko curve — ie., the difference between a catchment’s
measured EI (Ely) and its theoretical value (Elg, predicted as a
function of DI according to the Budyko curve). Two compo-
nents of deviation were calculated. Static deviation (s) results
from inherent catchment characteristics that are assumed to be
constant with time. Dynamic deviation (d) results from catch-
ment changes over time — in this case, in response to climatic
warming. Static deviation for each catchment was based on
the cool-period observations; ie., 5= El\icoo — Elp ool
(Fig. 3a). Dynamic deviation was considered to be that portion
of warm-period deviation, corrected for this static component;
ie., d = Elyiwarm — Elgwarm — s (Fig. 3a).

Elasticity (e) was calculated as the ratio of the range in
water-year DI values to the range in water-year EI residual
values experienced during the period encompassing the
identified cool and warm periods; i.e., ¢ = (Dlyax — Dlmin)/
(Bl max — ElrRmin) (Fig. 3b, ¢). The DI: EI relationship
changes when moving right along the theoretical Budyko
curve. We accounted for this by using the residuals of the EI
values (Elg) for each year for the period of record
(Elg = Ely — Elp) to calculate e. A catchment with high elas-
ticity partitions P into Q and ET in a manner that produces
smaller changes in Elg values relative to changes in DI values
and therefore varies predictably with the Budyko curve
(Fig 3b). A catchment with low elasticity partitions water in a
less predictable manner (Fig. 3c). We used e = 1 as the defin-
ing threshold for elastic vs. inelastic catchments.

Warming with precipitation feedbacks

Shifts to warmer conditions were often accompanied by a
change in precipitation (AP). To elucidate potential interac-
tions among AT, AP, d, and e, we classified catchments based
on both the degree of warming (i.e., the magnitude of AT) and
the degree of drying or wetting (i.e., the magnitude of nega-
tive or positive AP). Data for any year following an extreme
annual P occurrence (defined as >1.5 standard deviations from
the long-term mean annual P) were removed because extreme
P years resulted in ‘legacy effects’ that amplified d of the
following year. Catchments were classified into one of six
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Fig. 3 Graphical representation of Budyko resilience metrics.
Each dot shows a catchment’s paired dryness index (DI) and
evaporative index (EI) values: blue for the cool period and red for
the later warm period. The dashed line represents the theoretical
Budyko curve. (a) Static deviation (s) was calculated as the differ-
ence between measurement-based and theoretical evaporative
indices during the catchment’s cool period: s = Elyjcoo1 — Elp cool-
Dynamic deviation (d) was calculated as the analogous warm-
period quantity, corrected for the previously determined s:
d = ElMwarm — Elgwarm — S. Points that fall above the theoretical
curve indicate smaller-than-predicted water yields; points that fall
below the curve indicate larger-than-predicted yields. Elasticity
(e) was calculated as the ratio of a catchment’s range in DI to its
range in EI during the two contrasting climate periods:
e = (Dlyax — Dlnin)/(EIR max — Elr min)- (b) This example catch-
ment exhibited a high degree of elasticity (¢ > 1) (i.e., approximat-
ing theoretical behavior). (c) This example catchment exhibited
low elasticity (e < 1) (i.e., deviating from theoretical behavior).
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different climate-shift categories, first by dividing AT into two
categories according to whether the catchments experi-
enced relatively little warming (AT < 1.5 °C) or greater warm-
ing (AT > 15 °C). Catchments were further subdivided
according to whether the catchments became appreciably
wetter (AP > 10%), experienced relatively little change
(—=10% < AP <10%), or became appreciably drier (AP
< —10%). Deviations from the Budyko curve as a function of
both warming (and associated wetting or drying) and elastic-
ity were examined by conducting regression analyses using
spss version 20.0. (IBM Corp., Armonk, NY, USA).

Results

Static deviations inherent during cool period

Static deviation (s) describes the vertical displacement
of a 5-wyr cool-period (DI, EI) point from the theoreti-
cal Budyko curve caused by inherent characteristics of
a catchment (Fig. 4; Table 2). Vertical deviations from
the Budyko curve ranged from —0.07 to 0.31 (Table 2).
Catchments with s <0 exhibited prewarming water
yields that were higher than expected based on Bud-
yko’s theoretical predictions; catchments with s >0
exhibited lower water yields than expected. Catchment
points falling in close proximity to the curve
(Isl <0.05) indicated prewarming water yields that
were consistent with the theoretical predictions of the
Budyko curve. For the eight catchments that fell below
the curve, the magnitude of s was small (range of —0.02
to —0.07), indicative of water yields marginally greater
than expected. In contrast, for the 13 catchments that
fell above the curve, the magnitude of s was compara-
tively large (range of 0.04-0.31), indicative of water
yields marginally to substantially smaller than expected
(Table 2). Local experts at some sites assisted with the
identification of factors that may have influenced s,
including forest disturbance legacies, surface storage
mechanisms, surface water/ground water interactions,
as well as imperfect measurement or inadequate char-
acterization of P, T, or Q in the catchment (Table S1).

Dynamic deviation coincident with warming

Dynamic deviation (d) is given by the vertical departure
of the 5-wyr warm-period (DI, EI) point from the Bud-
yko curve once s has been removed (Fig. 5). Of the 21
catchments, 11 had warm-period water yields greater
than predicted by the Budyko relation (4 < 0), three
had warm-period water yields that were as expected
(d = 0), and seven had warm-period water yields smal-
ler than expected (d > 0). Values of dynamic deviation
ranged from d = —0.18 (below the curve) to d = 0.08
(above the curve) (Table 2). For catchments below the
curve, the magnitudes of dynamic deviation were often
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Fig. 4 Mean annual dryness index and evaporative index val-
ues for headwater catchments during the 5-water-year cool per-
iod. The dotted line represents the Zhang et al. (2001)
modification of the Budyko curve (w = 2). The vertical displace-
ment of each point from the Budyko curve is the static deviation
s. Key to site IDs (the numbers within the circles) is given in
Table 1.
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Fig. 5 Mean cool-period and warm-period dryness index (DI)
and evaporative index (EI) values for headwater catchments
showing catchment transitions from 5-water-year (5-wyr) cool
period (numbered circles) to 5-wyr warm period (colored cir-
cles) with static deviation (s) removed from both periods.
Arrows denote the direction of movement from cool to warm
period. Red circles denote catchments with decreases in
expected water yield (increasing EI); blue circles denote catch-
ments with increases in expected water yield (decreasing EI);
and black circles denote catchments with expected water yield.
The dotted line represents the Zhang et al. (2001) modification
of the Budyko framework (w = 2). Key to site IDs (the numbers
within the circles) is given in Table 1. (Color in the online
version)

larger (range of d = -0.18 to —0.01), indicating
relatively larger increases in water yield (Table 2). For
catchments above the curve, the magnitudes of dynamic
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deviation were smaller (range of d = 0.01-0.08),
indicating a smaller range of decreases in water yield
(Table 2). No obvious patterns emerged in terms of
why a specific catchment’s water yield would respond
with a negative, neutral, or positive response to climate
warming (Table 1).

Elasticity

Figure 6 shows the interannual variability in DI and EI
points for representative catchments for the period of
record. Elasticity (e) ranged from 0.23 to 2.91 (Table 2).
Seven catchments exhibited a broad range in EI but not
DI [i.e., vertical variation dominated, yielding a low
elasticity (e < 1)]; the remaining 14 catchments exhib-
ited a broad range in DI but not EI [i.e., horizontal vari-
ation dominated, yielding a high elasticity (e > 1)].
Catchments ELA (ID #5) and MAR (ID #9b) exhibited
relatively high DI and tended to show broad interannu-
al ranges in DI but not EI (Fig. 6). Catchments CAR (ID
#2), LVW (ID #8) and NWT (ID #10), in contrast, exhib-
ited relatively low DI and tended to show broad inter-
annual ranges in EI but not DI (Fig. 6). At intermediate
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Fig. 6 Year-to-year variability in mean annual dryness index
and evaporative index values for selected headwater catch-
ments during period of record with static deviation (s) removed
from each value. The numbered circles represent the mean
annual values over the period of record. The radiating lines
indicate annual excursions from that mean. The longer the line,
the greater the departure from the long-term mean value. The
dotted line represents the Zhang ef al. (2001) modification of the
Budyko framework (w = 2). Key to site IDs (the numbers within
the circles) is given in Table 1.

DI values, both patterns of interannual variability were
found.

Budyko metrics vs. dynamic deviation

Our first hypothesis was that elastic catchments
(e >1, our metric for resilience) would shift along
the Budyko curve under warming conditions, but
that inelastic catchments (e < 1, our metric for nonre-
silience) would deviate away from it. We predicted
that inelastic catchments would deviate upward from
the theoretical curve, indicating a decrease in water
yield coincident with warming. We also predicted
that the magnitude of this deviation would be a posi-
tive function of the degree of warming, but that wet-
ter conditions would serve as a negative feedback
(leading to less deviation), while drier conditions
would serve as a positive feedback (leading to more
deviation).

Dynamic deviation in water yield during the cool-to-
warm climate shift was not explained by the degree of
warming (Fig. 7a). Wetter conditions could conceivably
counterbalance the effects of warmer temperatures, but
when we removed from consideration those catch-
ments where AP > 10% [i.e., CWT 17 (ID #3a), CWT 18
(ID #3b), and ELA (ID #5)], dynamic deviation was still
not explained by the extent of warming (data not
shown).

Dynamic deviation in water yield during the cool-to-
warm climate shift varied with elasticity (Fig. 7b).
Catchments with relatively low elasticity (e < 1) were
more likely to experience a negative deviation (increase
in water yield) in response to warming (= 0.34,
P < 0.01; line not shown). However, when we classified
the catchments into two rates of warming (AT < 1.5 °C
and AT >1.5°C), stronger relationships emerged.
Catchments that experienced a relatively small degree
of warming (AT < 1.5 °C; yellow circles in Fig. 7)
showed a significant exponential decrease in dynamic
deviation as elasticity declined (> = 0.91, P < 0.001).
In contrast, catchments that experienced relatively
high rates of warming (AT >1.5°C; red circles)
showed a significant exponential increase in dynamic
deviation as elasticity declined (** = 0.81, P < 0.001).
For catchments with low elasticity (e < 1), the relation-
ships between elasticity and dynamic deviation
exhibited slopes of different signs, depending on the
degree of warming (Fig. 7b). Classifying catchments
according to whether they became appreciably wet-
ter (AP > 10%), experienced relatively little change
(-10% < AP <10%), or became appreciably drier
(AP < —10%), did not have an effect on the relationship
between dynamic deviation and either warming or
elasticity (data not shown).
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Fig. 7 Dynamic deviations of headwater catchments as a func-
tion of (a) warming and (b) elasticity. The color of the circle rep-
resents the extent of warming over the cool-to-warm transition
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Influence of forest type and age on elasticity

Our second hypothesis was that elastic catchments
were characterized by forests that contained a diversity
of forest types and ages, and that EI reflected the capac-
ity of the ecosystem to adapt to changing climatic con-
ditions. We predicted that mixed forests would be
more elastic than either coniferous or deciduous forests.
We also predicted that older forests would be more
elastic than younger ones.

In our data set, dynamic deviation varied among for-
est types and perhaps forest ages (Table 2; Fig. 8). The
alpine catchments (IDs # 8 and #10) experienced small
increases in T (AT < 1.5 °C) and large (>10%) decreases
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Fig. 8 Catchment properties as a function of forest type (col-
ored circles) and forest age: (a) dynamic deviation d and (b)
elasticity e. Key to site IDs (the numbers within the circles) is
given in Table 1. (Color in the online version)

in P (Table 2; Fig. 7). Elasticity was low (e < 0.5) and
dynamic deviation was substantial and negative
(d < —0.15). These catchments had larger-than-expected
water-yield increases associated with warming, per-
haps due to glacier or permafrost melt.

Conifer catchments were generally situated in wes-
tern North America and experienced slight warming
(mostly AT <1 °C, with the exception of CWT17 (ID
#3a) and ELA (ID #5), the two conifer catchments
that were situated in eastern North America, which
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experienced AT >1°C) with either decreases or
increases in P (Table 2). They had a wide range of elas-
ticity (e < 0.5-2.0) and wide-ranging but mostly nega-
tive dynamic deviation (d = —0.2 to 0.0). Those with the
lowest elasticity [CAR (ID #2) and UPC (ID #12)] had
the most negative dynamic deviation with larger-than-
expected water yields. In contrast, those with greater
elasticity (e > 1) had near-zero dynamic deviations (no
change in water yields).

The deciduous catchments were all situated in east-
ern North America and experienced intermediate
increases in T (1-2 °C) with either decreases or
increases in P (Table 2). They had a slightly narrower
range of elasticity (e = 0.5-2.0), and near-zero to mostly
positive dynamic deviation (d = —0.05-0.1). Those with
the lowest elasticity [DOR HP3 (ID #4a), HP4 (ID #4c),
and HP5 (ID #4d)] had the highest positive dynamic
deviation with smaller-than-expected water yields. The
one exception was TLW38 (ID #12b), a sugar maple for-
est in the Turkey Lakes Watershed of central Ontario
(d = —0.05). Some 20% of this catchment area is wet-
land, which may have provided a water supply to sus-
tain water yields when climate shifted to warmer
conditions.

The mixed deciduous-conifer forest sites, which were
all situated in eastern North America, experienced the
largest changes in T (mostly AT >2°C) and also
decreasing P (Table 2). These exhibited a wide range of
elasticity, including sites with the highest elasticity
(e = 1.0-3.0) and slightly negative to near-zero dynamic
deviation (d = —0.05 to 0). Catchments with this type of
forest stayed the closest to the Budyko curve despite
experiencing the greatest climate warming.

The range of forest ages among our sites was
admittedly limited (Table 2, Fig. 8). This is partly
due to our selection criteria, which required undis-
turbed forest since 1950 (older forests were often dis-
turbed) and to a general lack of experimental
catchments with older forests. However, there is a
suggestion of convergence in dynamic deviation val-
ues to near zero and convergence of elasticity toward
1 with forest age (Fig. 8a, b). The magnitude of
dynamic deviation (positive or negative) was closest
to zero and elasticity was closest to 1 for the two
catchments with the oldest forests [AND2 (ID #la)
and ANDS8 (ID #1b), which were 450-500 years in
age].

Discussion

Climate change is expected to affect forest water yields
(Aber et al., 1995). However, not all forest ecosystems
are expected to respond in a uniform manner. Rates of
climate change vary geographically (Walther ef al.,

2002; Karl et al., 2009; Loarie et al., 2009), and forests of
different types and ages may influence catchment
responses (Brown et al., 2005; Ewers et al., 2005). The
results of our study investigating the responses of for-
ested catchments to relatively short-term transitions
from cool to warm conditions provide a conceptual
basis for understanding and predicting the direction
and magnitude of forest headwater yield response to
climate change.

Ponce Campos ef al. (2013) observed that the water-
use efficiency (the ratio of above-ground net primary
production to ET) in forests was sensitive to water
availability. Higher water-use efficiencies were
observed in drier years, and lower (native) water-use
efficiencies were observed in wetter years. This flexibil-
ity in water-use efficiency suggests a resilience of the
ecosystem to climate variability and in particular to cli-
matic extremes observed in recent decades. Holling
(1973, 1996) identified two distinct resilience concepts —
engineering and ecological resilience. The hydrological
responses of our headwater catchments exhibited engi-
neering resilience because they hovered around an
attractor state (mapped in EI vs. DI space), occasionally
deviating from the attractor state defined by the Bud-
yko curve (not necessary along the curve) due to a cli-
matic variability or climatic extremes but ultimately
returning to the Budyko curve. An ecological resilience
would have occurred if, for example, the vegetation
resisted change or if the vegetation community compo-
sition changed and shifted the weighted average stoma-
tal conductance. We do not think we have evidence of
ecological resilience in the data presented in this study.
Ponce Campos et al. (2013) urged that the development
of a predictive understanding of climatic threshold
beyond which resilience will break down is needed to
predict consequences of anticipated future climate
change on water yields.

We used elasticity as a metric for resilience. We
hypothesized that elastic catchments (e > 1) would shift
along the Budyko curve and that inelastic catchments
(e <1) would deviate upward from the curve, yielding
less water than predicted by the theoretical relationship
between DI and EI. We also hypothesized that elastic
catchments would have a diversity of forest types and
ages such that they would have the capacity to adapt to
changing climatic conditions and therefore would have
small changes in EI. We found that different forest
types responded differently to climate warming. Catch-
ments with high elasticity experienced little to no
changes in water yields, whereas catchments with low
elasticity experienced unpredictably larger or smaller
water yields.

Our results are distinct from recent papers that use a
Budyko curve approach to examine climate change and
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its influence on water yield (e.g., Wang & Hejazi, 2011;
Williams ef al., 2012; Troch et al.,, 2013). We used
existing empirical datasets from forested headwater
catchments that were not affected by land cover or land
use changes to draw inferences about how forest type
and age influence water yield. For this reason, we could
attribute changes in water yield to changes in water use
by the forested ecosystem. These unique aspects of our
study design permitted us to draw inferences about
resilience of headwater forested catchments to climate
warming and environmental and ecological factors that
may influence this response.

Factors that influence elasticity

Both hydrological and ecological mechanisms may
potentially contribute to forest expressions of elasticity
in response to climate warming (i.e., an increase in the
DI). Hydrological mechanisms involve changes in the
accessibility of water storages for ET, whereas ecologi-
cal mechanisms involve changes in forest composition,
structure, and function that affect water use. Future
research should focus on which mechanisms are likely
to dominate under different conditions.

Hydrological factors influencing elasticity include P
and ET. Total annual changes in precipitation were var-
iable among the catchments (with some showing an
increase, a decrease or no change); however, partition-
ing catchments according to the degree of change in
precipitation did not have an effect on the relationship
between dynamic deviation and either degree of warm-
ing or elasticity. In contrast, the timing or seasonality of
P and ET within a year did have an effect. Gentine et al.
(2012) and Williams et al. (2012) used a Budyko frame-
work to show that strongly seasonal precipitation con-
tributed to higher evaporative indices. Based on the
geographic distribution of headwater catchments in
this study, our findings suggest that the seasonality of
P and ET may also explain elasticity in water-yield
responses to climate, with smaller responses of EI to DI
in catchments where precipitation has less seasonality.
For example, the eastern catchments (CWT, DOR, ELA,
FER, HBR, KE], MAR, TLW) generally had summer P,
synchronized P and ET (Yokoo et al., 2008), transpira-
tion limited more by atmospheric evaporative demand
than by soil water availability, and/or shallow slopes
with deeper soils where water residence times are rela-
tively long (Voepel et al., 2011). These eastern catch-
ments tended to have small changes in water yields
relative to variation in energy inputs (especially CWT,
ELA, HBR, MAR). A potential change in ET could have
been masked by deep soils and high baseflow, but there
did not seem to be a consistent pattern in properties
among the eastern catchments (e.g., FER has shallow

soils, MAR has substantial loss of water to regional
groundwater aquifers). The western catchments (AND,
CAR, LVW, NWT, UPC) generally had winter-domi-
nated P, desynchronized P and ET, transpiration lim-
ited more by soil water availability than by
atmospheric evaporative demand, and/or steep slopes
with shallow soils where water residence times are rela-
tively short (McGuire et al., 2005). These western sites
tended to have more water-yield change in response to
variation in energy inputs (especially CAR, NWT,
LVW, UPQ).

Another hydrological factor influencing elasticity
was altered access to physical storages of water (in
ice, groundwater, etc.). The alpine sites (e.g., NWT
and LVW) had among the lowest elasticity values
and the most negative dynamic deviation values,
indicating that these ecosystems had low resilience.
Water yield at these sites likely responded strongly
to climate warming through increased melting of the
water stored in glaciers, permafrost, and seasonal
snowpacks (Baron ef al., 2009; Caine, 2011), as sug-
gested by many studies (Barnett ef al., 2008; Stewart,
2009; Trujillo et al., 2012).

Ecological factors also influence elasticity and water
yield responses to climate warming. Our study catch-
ments varied in their ecological properties, including
phenology and the sensitivity of stomatal resistance to
soil water availability and atmospheric evaporative
demand (e.g., Ewers et al., 2006; Grant et al., 2009). In
general, water yield tended to increase with warming
at conifer catchments [Fig. 8; Table 1, but see comment
on CWT 17 (ID #3a) below], perhaps because of stoma-
tal control of transpiration or lagged phenologic
response to increased soil moisture from snow/ice melt
(Grier & Running, 1977; Chabot & Hicks, 1982). In con-
trast, water yield tended to decrease with warming at
deciduous catchments, perhaps because trees were able
to leaf out earlier in response to warming or because of
species-specific responses of transpiration to atmo-
spheric evaporative demand (Swank et al., 2001; Ford
et al., 2011; Polgar & Primack, 2011). Mixed forests
responded to warming in a manner consistent with the
combined responses of conifer and deciduous forests.

We recognize the potential importance of forest age
(e.g., Cornish & Vertessy, 2001), but we were con-
strained in our ability to assess the role of forest age in
conferring hydrologic resilience because our catch-
ments included few old forests. However, the oldest
forest (~500 years) and younger more diverse forests
had larger elasticity (e > 1), whereas the younger and
less diverse forests exhibited smaller elasticity (e < 1).
Among these younger forests, conifer forests appeared
less able to adapt and take advantage of warmer condi-
tions by increasing ET (thereby leading to larger water

© 2014 The Authors Global Change Biology Published by John Wiley & Sons Ltd.,

Global Change Biology, 20, 3191-3208



3206 I.F. CREED etal.

yields), and deciduous forests appeared more able to
adapt (therefore leading to smaller water yields) in
these energy-limited sites. Carbon dioxide fertilization
effects may also have influenced transpiration (Bolker
et al., 1995).

Forest catchments varied in their water-yield (EI)
responses to changes in available energy (DI). In the
alpine catchments, EI varied a great deal relative to
changes in energy inputs (showing low elasticity)
because transpiration is limited by dry, short summers.
In these catchments, climate warming led to increased
water yield because the ecosystems could not adjust
over the short term and because stored water melted
(we define this as no resilience). The conifer forests
included catchments with the widest variation in EI,
which varied considerably in response to changes in DI
(showing low elasticity) perhaps because transpiration
is limited by reduced vapor pressure gradients and/or
soil water availability, and therefore is unresponsive to
changes in temperature (less resilient). The deciduous
forests included catchments where EI varied relatively
little despite changes in energy inputs (showing high
elasticity). Most of these forests experience wet sum-
mers, so transpiration is not limited by water, and leaf
area, timing of leaf out and leaf fall can respond to in-
terannual variation in temperature (more resilient).
Counter to the general trend, the coniferous catchment
at CWT [CWT 17 (ID #3a)] had greater elasticity than
the deciduous catchment [CWT 18 (ID #3b)], likely
because it had been cut and replanted with a conifer
plantation 60 years ago and was still relatively young.
Young conifer forests are less able to regulate water use
than older conifers (Moore et al., 2004; Ford et al., 2011).
In mixed forests, EI varied the least in response to
changes in energy inputs (highest elasticity and resil-
ience). Diverse forest types and older forest systems
appeared to show greater hydrologic resilience, per-
haps because older forests have been acclimated by
past climate variations in DI and associated biophysical
responses.

Management implications

A significant proportion of the water supply for
human consumption originates from forested catch-
ments (e.g., 53% in the US; Brown et al., 2008), and
these supplies are likely to be impacted by climate
warming (Aber et al., 1995). In addition to climate
change effects, forest management activities (.e.,
deforestation, reforestation and afforestation) may
have significant consequences on the hydrological
resilience of water yields (Fischer et al., 2006). The
direction of impact has been debated. For example,
some argue that additional forest cover will reduce

water yield, whereas others suggest it will increase
water yield by intensifying the hydrological cycle
(Ellison et al., 2012). Greater insight to links between
climatic variability and forest water yields may help
inform this debate.

We observed a significant nonlinear relationship
between elasticity and dynamic deviation of water
yield in response to climate warming at the 21 study
sites. We found that sites with relatively modest climate
warming had low elasticity and large negative dynamic
deviations. Water yields from forested headwater
catchments responded nonuniformly to climate warm-
ing. Elastic catchments (¢ > 1) that remained close to
the theoretical Budyko curve in response to climate
warming had predictable water-yield changes. In con-
trast, inelastic catchments (¢ < 1) showed substantial
deviations from the Budyko curve in response to cli-
mate warming and had unpredictable water yield
changes.

Our novel application of the Budyko curve sug-
gests a direction for improving forest management
strategies in the face of changing climatic conditions.
For example, forest managers will likely want to pri-
oritize forested catchments that are hydrologically
resilient to climate warming because replicating natu-
rally resilient ecosystems is so difficult. Furthermore,
forest managers will likely need to consider forest
type and age as factors that influence hydrologic
resilience; further analysis is needed to detect and
discriminate the influences of forest type and age on
catchment water yields.

Conclusion

This study indicates that the Budyko framework,
using meteorological and discharge data from gauged
headwater catchments, may help predict changes in
water balance partitioning in response to climate
warming. Expert knowledge of the individual catch-
ments indicates that both environmental factors (e.g.,
summer precipitation, summer length, and water res-
idence time) and ecological factors (forest type and
age) contributed to the observed variability in water
yield responses to climate warming. Further research
into these factors with longer datasets that include a
broader range of forest types and age, factors that
appear to influence elasticity, would help extend
the findings of this article to ungauged headwater
catchments.
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Table S1. Temperature (T), precipitation (P), potential evapotranspiration (PET, estimated using the Hamon method) and discharge
(Q) from catchment 5-water-year cool periods (period with lowest average temperature) and 5-water-year warm periods (period
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