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ABSTRACT

Aim (1) To calculate annual potential evapotranspiration (PET), actual
evapotranspiration (AET) and climatic water deficit (Deficit) with high spatial
resolution; (2) to describe distributions for 17 tree species over a 2300-m
elevation gradient in a 3000-km2 landscape relative to AET and Deficit; (3) to
examine changes in AET and Deficit between past (c. 1700), present (1971-2000)
and future (2020-49) climatological means derived from proxies, observations
and projections; and (4) to infer how the magnitude of changing Deficit may
contribute to changes in forest structure and composition.

location Yosemite National Park, California, USA.

Methods We calculated the water balance within Yosemite National Park using
a modified Thornthwaite-type method and correlated AET and Deficit with tree
species distribution. We used input data sets with different spatial resolutions
parameterized for variation in latitude, precipitation, temperature, soil water-
holding capacity, slope and aspect. We used climate proxies and climate
projections to model AET and Deficit for past and future climate. We compared
the modelled future water balance in Yosemite with current species water-balance
ranges in North America.

Results We calculated species climatic envelopes over broad ranges of
environmental gradients - a range of 310 mm for soil water-holding capacity,
48.3°C for mean monthly temperature (January minima to July maxima), and
918 mm yr-l for annual precipitation. Tree species means were differentiated by
AET and Deficit, and at higher levels of Deficit, species means were increasingly
differentiated. Modelled Deficit for all species increased by a mean of 5% between
past (c. 1700) and present (1971-2000). Projected increases in Deficit between
present and future (2020-49) were 23% across all plots.

Main conclusions Modelled changes in Deficit between past, present and future
climate scenarios suggest that recent past changes in forest structure and composition
may accelerate in the future, with species responding individualistically to further
declines in water availability. Declining water availability may disproportionately
affect Pinus monticola and Tsuga mertensiana. Fine-scale heterogeneity in soil water-
holding capacity, aspect and slope implies that plant water balance may vary
considerably within the grid cells of kilometre-scale climate models. Sub-grid-cell
soil and topographical data can partially compensate for the lack of spatial
heterogeneity in gridded climate data, potentially improving vegetation-change
projections in mountainous landscapes with heterogeneous topography.

Keywords
California, climate change, forest vegetation, Little Ice Age, Pinus monticola,
PRISM, Sierra Nevada, species range shifts, Thomthwaite method, Tsuga
mertensiana.
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INTRODUCTION

Many landscape-scale vegetation studies use physical site
characteristics as proxies for the environmental variables that
directly affect vegetation. Early classifications of forest com-
munities of the Sierra Nevada, California relied on graphical
interpretation of data based on elevation (Klyver, 1931).
Recent studies have used a generalized gradient based on
moisture and temperature (Rundel et al., 1977; Vankat, 1982;
Parker, 1989). Although descriptive depictions of these phys-
ical gradients capture the general distributions of vegetation on
the landscape, calculations more closely related to plant
ecophysiology should, in theory, have the potential to better
explain finer-scale variation in plant presence (Stephenson,
1998). Ecophysiological field studies have confirmed that water
balance determines community leaf area, and that tree water
balance is correlated with site conditions (Waring & Cieary,
1967; Hinckley & Scott, 1971; Hinckley & Ritchie, 1972; Grier
& Running, 1977). Understanding fine-scale heterogeneity
of complex terrain and how this heterogeneity affects plant
water balance is increasingly important to understanding the
potential effects of climate change on species distributions.

Outputs from climate models are often used to explain
distributions of species or vegetation types, but the resulting
climate envelopes can have very coarse spatial scales. Forest
vegetation differs visibly at spatial scales finer than the grid
sizes of most existing climate models - generally about 1 km2

Furthermore, general circulation models (GCM) used to
project the effects of ciimate change on temperature and
precipitation use even larger grid sizes (e.g. ~150 km2, even
when downscaled to a 1/8o grid; Hayhoe et al., 2004). The
effect of sub-grid-scale landscape heterogeneity on species
distribution will be important to differentiate between species
extirpations in a given grid cell, or retreat to small, sub-grid
cell refugia.

Although quantitative values for the heating due to solar
insolation have been applied based on scaling of slope and
aspect (Parker, 1982, 1989), soil data have only recently
become digitally available with sufficient spatial resolution and
geographic extent to tie slope- and aspect-derived insolation to
soil moisture and thus to plant water balance (Dyer, 2009).
With the existence of accurate, spatially explicit data for soils
and meteorology in mountainous terrain, analyses can now
estimate quantitative variation in soil water-holding capacity
and air temperature that more directly 'control plant distribu-
tion.

Annual actual evapotranspiration (AET) and annual cli-
matic water deficit (Deficit; sensu Stephenson, 1998) can be
used to predict vegetation presence (Stephenson, 1990, 1998;
McKenzie et al., 2003; Gavin & Hu, 2006) and growth rates
(Dyer, 2004; Littell et al., 2008). Following Thornthwaite &

Mather (1955) and Stephenson (1990, 1998), we define AET as
evaporative water loss from a site covered by a hypothetical
standard crop, constrained by the current water availability.
AET can be considered a proxy' for site net primary produc-
tivity (Rosenzweig, 1968) because AET represents the simul-

taneous availability of biologically usable energy and water
(Stephenson, 1998). Deficit represents the difference between
potential evapotranspiration (PET) and AET.

Because soil water-holding capacity, slope and aspect
contribute to plant water balance, we sought to incorporate
the most recent data and techniques for these inputs into pre-
existing methods. Modelling of species presence elsewhere in
western North America (McKenzie et al., 2003; Gavin & Hu,
2006) approximated soil water-holding capacity as gridded to
the same resolution as climate, or as a uniform value. Previous
studies in the Sierra Nevada (Stephenson, 1998; Urban et al.,
2000) considered soil water-holding capacity categorically, but
these approximations for soil water storage cannot easily be
extended to the full range of variation present at a landscape
scale. As soil depth and type are often correlated with
landscape position, spatially explicit data for air temperature,
precipitation and soil water-holding capacity allow calculation
of seasonal soil water balance in a manner that follows
topography.

Water availability to plants at a site is determined by a
nonlinear combination of water supply, soil water storage,
water demand and water loss. The amount of precipitation, the
proportion falling as snow, and the timing of the snow melt
determine [he water supply at a site (Stephenson, 1990, 1998).
Vegetation (modelled as a hypothetical standard crop),
temperature, solar radiation, relative humidity, wind speed
and surface roughness determine the water demand. The
prolonged summer dry season in the Sierra Nevada decreases
the availability of water during the period when light and
temperature conditions are most favourable for photosynthesis
(Stephenson, 1998; McKenzie et al., 2003). van Mantgem &
Stephenson (2007) found that increases in Deficit increase tree
mortality in the Sierra Nevada, and van Mantgem et al. (2009)
found that widespread increases in tree mortality were
associated with drier climate on decadal time scales. Earlier
snowmelt could increase Deficit on sites with shallow soils:
evapotranspiration would start earlier in the season, and
evapotranspiration would deplete soil water sooner, thereby
decreasing growing periods (Royce & Barbour, 2001a,b).
Conversely, more summer precipitation could alleviate
drought stress considerably.

Between approximately AD  1650 and 1850, the Sierra
Nevada experienced a period of cool and dry temperatures -
the local manifestation of the Little Ice Age northern hemi-
spheric cooling (Stine, 1996). This period, from 360 to 160
years ago, corresponds to the inferred establishment dates of
many dominant trees in Yosemite, although older trees would
have established in the warmer and wetter period before 1650
(Stine, 1996; Van Pelt, 2001). The trees that now represent the
forest canopy would therefore have experienced their period of
rapid growth during the different climatic conditions of the
Little Ice Age. We expected that the warming of the Sierra
Nevada since the Little Ice Age has already increased the water
stress that has been linked to higher levels of tree mortality
(van Mantgem & Stephenson, 2007; van Mantgem et al.,
2009). The increase in Deficit between the Little Ice Age and



broadleaved upland forests and woodlands; scrub and chap-
arral communities; grassland, meadow and herb communities
(Fig. 1). A seventh vegetation type comprises those areas with
< 20% vegetation. These predominantly unvegetated areas
cover ~16% of the park, but isolated trees or tree islands are
found.

Fire is an important factor in the distribution and
abundance of tree species in Yosemite. Forests burn with a
mixture of severities and with median fire-return intervals of
4-187 years, depending on elevation and forest type (van
Wagtendonk et al., 2002; Sugihara et al., 2006). A policy of
total fire suppression began around 1900 and continued until
the early 1970s. Three-quarters of a century of fire exclusion
has allowed some forests to develop a 'fire debt' - uncharac-
teristic species composition, higher density, increased patch
connectivity and higher fuel loading (Vale, 1987; Gruell, 2001;
van Wagtendonk & Lutz, 2007; Lutz et al., 2009b). These
changes constitute an increase in vegetative demand for water
superimposed on the underlying climate-driven water supply
and standardized evaporative demand.

Plot data

The earliest extensive vegetation data for Yosemite National
Park were collected by teams led by Albert E. Wieslander
between 1932 and 1936 (Wieslander, 1935; Keeler-Wolf, 2007).
The Wieslander survey mapped forest cover throughout
California, and included vegetation plots in representative
areas of all forest types. Field crews were instructed to select
representative plots within the boundary of well-defined

the present cannot have been extreme with respect to the
environmental tolerances of trees, because young and old trees
are found together. However, if Deficit increases markedly due
to climate change in the future, rates of tree mortality could
increase beyond present values.

Our objectives were to calculate climatic water balance
within Yosemite National Park, to describe distributions for
the most abundant tree species with respect to water-balance
variables, and to examine how changes in the water balance
may affect species ranges by mid-century. We sought to
calculate the water balance using the inherent spatial variability
of each input, so that our results would be relevant to complex
topography and transferable to other forest ecosystems.

MATERIALS AND METHODS

Study site: physical environment and vegetation

Yosemite National Park covers 3027 km2 (latitude 37.7° N,
longitude 119.7° W) and has been protected since 1890
(Russell, 1992). Elevation ranges from 657 to 3997 m, and
although elevation rises gradually from the west to the crest of
the Sierra Nevada in the east, local topography is highly
variable.

Vegetation in Yosemite National Park is characteristic of the
central Sierra Nevada (van Wagtendonk & Fites-Kaufman,
2006) and comprises a mosaic of species and structural stages
(Franklin & Fites-Kaufman, 1996). Six major vegetation types
have been described: subalpine coniferous forest; upper
montane coniferous forest; lower montane coniferous forests;



associations. The survey protocol used  0.2-acre (809.4-m2)
rectangular plots. Live and dead trees were tallied in four
diameter classes: 10-30,31-60,61-91 and > 92 cm (converted
from data sheet values: 4--11", 12-23", 24--35" and > 36").
Areas with < 20% vegetative cover were not sampled; therefore
tree species occurring in areas of low vegetative cover (e.g.
Pinus jeffreyi and Juniperus  occidentalis) were likely to have
been undersampled. Plot locations were transferred from the
original survey maps to a geographic information system by
the park and georectified by Walker (2000). Physical plot
attributes (slope and aspect) were taken from field notes.
Species nomenclature follows the Flam of North America (Flora
of North America Editorial Committee, 1993-2007).

Temperature and precipitation data

Orographic effects over the 3340-m elevation range in
Yosemite National Park are large, and single-station meteoro-
logical measurements cannot represent the spatial variation
present in temperature and precipitation. Therefore we
obtained monthly climatological averages from 1971 to 2000
of precipitation and temperature data at 30 arc-second grid
size (~800-m grid cells) from the PRISM climate-mapping
project (PRISM, 2007; Daly et al., 2008). PRISM combines
data from the National Weather Service Cooperative Observer
Program, the Natural Resources Conservation Service snow-
courses and Snow Telemetry (SNOTEL), California Data
Exchange Stations, and USDA Forest Service Remote Auto-
mated Weather Stations. PRISM uses the measured meteoro-
logical values to interpolate monthly precipitation, monthly
mean maximum temperature and monthly mean minimum
temperature for the entire area. There are 55 locations
(meteorological stations or snowcourses) with data that
contributed to the derived values for at least portions of
Yosemite National Park: 36 sources within the park boundaries
and an additional 19 meteorological sources within a l0-km
buffer zone (Daly et al., 2008; Lutz, 2008; C. Daly, Oregon
State University, pers. comm.).

PRISM considers meteorological phenomena relevant to
mountainous terrain (e.g. temperature inversions, topograph-
ical barriers, the effects of air flow through terrain, and cold air
drainages), and may offer improvements over the WorldClim
(Hijmans et al., 2005) and Daymet (Running et al., 1987;
Thornton et al., 1997) models in some portions of the western
USA (Daly et al., 2008). The park contains 4652 grid cells of
precipitation and temperature data. The range of precipitation
values extracted from PRISM data (804-1722 mm yr-1) is
larger than previously reported for the park, and the PRISM
values help explain the long-recognized spatial variation in
precipitation (Parker, 1995; Urban et al., 2000) better than the
low-elevation meteorological stations. Varying largely with
elevation, January mean minimum temperatures range from
-13.7 to 1.2°C. July mean maximum temperatures range from
13.5 to 34.6°C. The overall annual range in mean monthly
temperatures (January minima to July maxima) was 48.3°C
across all elevations.

Soil data

Recent soil maps and data were obtained from the Natural
Resources Conservation Service (NRCS, 2007). In Yosemite,
areas of continuous soil type were mapped to a resolution of
0.4 ha near developed areas and to 16 ha in remote areas. For
each soil type, SOIL DATA VIEWER 5.1 (NRCS, 2006) was used
to extract information relevant to water-holding capacity.
We used the depth to restrictive layer and available water-
holding capacity values to determine total available soil water
in the soil profile (< 200 cm). There were 1687 soil polygons
representing 120 soil types. Average available soil water-
holding capacity to 200 cm depth among the 655 plots was
91 mm (O = 54 mm; minimum 32 mm; maximum 342 mm),

Data reduction and analysis

We combined previous methods to calculate AET and Deficit,
and used the AET and Deficit values to construct a climate
envelope for each species (Thomas et al., 2004; McKenney
et aI., 2007).  We used a Thornthwaite-type water-balance
model to calculate climatic water deficit (Thornthwaite, 1948;
Thornthwaite & Mather, 1955; Hamon, 1963; Willmott et al.,
1985; Dingman, 2002). Although various methods exist for
computing water balance, Thornthwaite-type methods are
most appropriate when data are limited to temperature and
precipitationfvorosrnarty et al., 1998). In a comparative study
in the south-eastern USA, Lu et al. (2005) found that the
Hamon method (a refinement of the Thornthwaite method;
Hamon, 1963) was the most accurate when the inputs were
limited to these data. Similarly, Vorosmarty et al. (1998) found
that the Hamon method had the smallest bias over a range of
conditions. Dingman (2002) concluded that the Hamon
(1963) equations are optimal when only temperature and
precipitation data are available. Incorporating wind speed,
humidity and net radiation (sensu Penman-Monteith; Penman,
1948) may improve the accuracy of the PET calculation, but
these data are rarely available in forest ecosystems.

In a Thornthwaite-type water-balance model, water is
considered either to be stored in the sailor snowpack,
transpired by the vegetation, or evaporated from the soil, or to
be surplus that provides runoff. Inputs to the calculations
include latitude, mean monthly precipitation, mean monthly
temperature and soil water-holding capacity. For temperature
and precipitation data, we used the 30-year averages from the
PRISM project. Our PET calculation follows Hamon (l963) as
refined by Dingman (2002) (see Appendix S1 in Supporting
Information). Thornthwaite-type methods were developed
for flat terrain. Stephenson (1998) approximated the effects
of slope and aspect on PET in complex topography as a
multiplicative scalar (+ l0% for extreme south-facing slopes
and -10% for extreme north-facing slopes). Instead of fixed
values, we used a dimensionless heat-load index developed by
McCune & Keon (2002). They used equations for direct
radiation based on latitude, slope and aspect to develop a heat-
load index (HL), which reflects the greater temperatures and



evaporative demands in the afternoon by transforming aspect
from a north-south axis to a north-east-south-west axis. Our
plot data fell within the range of McCune & Keen's (2002)
most accurate equation (0°< slope < 60°; 30° < latitude  <
60°). More recent work (McCune, 2007) has improved
the predictive power (from r2 == 0.983 to  r2 > 0.99) using
nonparametric multiplicative regression, but we used the
continuous equations to increase the transferability of the
methods. We used the HL values to scale the PET values
calculated based on the Thornthwaite assumption of flat
terrain. Values for AET and Deficit used here refer to the
annual sum of the monthly values calculated (Appendix Sl ).

For each plot, we calculated AET and Deficit based on the
data values from each input layer. Then, for each species
present in four or more plots, we calculated mean and range of
AET and Deficit based on the characteristics of each plot where
the species was present.

North American water-balance ranges of Yosemite
tree species

We hypothesized that an increasing summer Deficit might
affect some Yosemite tree species, provided that the water
balance was a limiting factor driving their presence within the
park. To assess the degree to which water balance might be
limiting tree presence within Yosemite, and therefore the
relative sensitivity of species ranges to increases in Deficit, we
compared water-balance parameters of the Yosemite plots with
those of the North American range limits of each species
(Thompson et al., 1999; Thompson & Anderson, 2000).
Thompson et al. (1999) examined the entire North American
range of abundant tree species within 25-km grid cells (area
625 km2, approximately one-quarter of Yosemite National
Park), and inferred their continental water-balance range from
plot data. Thompson et al. (1999) used AET/PET as a metric of
drought, rather than Deficit. We calculated AET/PET for the
plots in Yosemite and compared those results with the species
ranges of AET/PET throughout North America, using data
from Thompson et al. (1999) (R. S. Thompson, US Geological
Survey and K. H. Anderson, University of Colorado Boulder,
pers. comm.). Thompson et al. (1999) used a similar method
to ours for calculating AET and PET. However, their study was
based on climatological means from 1951 to 1980, and the
spatial extent of their grid cellsdid not permit consideration of
heterogeneity in soil water-holding capacity, slope and aspect
(at 625 km2 average aspect approaches flat and slope
approaches zero).

Modelling the effects of climate change

We hypothesized that relative similarity in tree composition
bet-ween the Little Ice Age and the present (as evidenced by
the persistence of trees that established in the Little Ice Age)
would be partially due to similarities in the water balance
between the Little Ice Age and the present. Furthermore,
we hypothesized that recent indications of increases in tree

mortality (van Mantgern & Stephenson, 2007; Breshears
et al., 2009; van Mantgem et al., 2009) could represent the
beginning of a shift to the future climate (particularly
one with higher Deficit). We compared the magnitude of
change in Deficit between the onset of the Little Ice Age and
the present with the magnitude of the change in Deficit
between present climate and projected future climate. To
establish our climate baseline, we used our model to
calculate Deficit based on the PRISM climatological means
(1971-2000) for each plot (PRISM, 2007). We then devel-
oped past and future scenarios from proxies and climate
projections (Thompson et al., 2008; Battisti & Naylor, 2009).

Because we wanted to calculate Little Ice Age Deficit for all
tree species at all elevations, we did not use climate proxies
developed from high-elevation tree chronologies (e.g. Pinus

balfouriana; Craumlich, 1993) or from tree species with limited
distribution (e.g, Sequoiadendron giganteum; Swetnam, 1993).
Instead, we estimated past temperature by using climate
proxies derived from Northern Hemisphere borehole temper-
ature data (Huang et al., 2000; Juckes et al., 2007). Huang
et al. (2000) determined that annually averaged temperatures
in the Northern Hemisphere were 1°C colder in 1700 than in
2000. Accordingly, for every plot, we decreased the tempera-
tures derived from the present PRISM model by 1°C for each
month.

To estimate past precipitation, we used data from hydrog-
raphically closed Mono Lake, located directly east of Yosemite
in the Great Basin (Stine, 1990, 1996). Stine (1990) found that
during the Little Ice Age, there were prolonged periods when
precipitation east of the Sierra Nevada crest was 79% of the
present precipitation, with decadal periods of drier conditions.
Accordingly, to model precipitation c. 1700 we decreased
PRISM-derived values for each plot by 25% (Stine, 1990, 1996;
S. Stine, California State University Hayward, pers. comm.;
Graham & Hughes, 2007).

In a similar manner, we examined a future climate scenario
developed by Hayhoe et al. (2004). We took the mean of the
results for the Intergovernmental Panel on Climate Change
(IPCC) B1 emission scenario (Nakicenovic et al., 2000) for the
Parallel Climate Model (PCM; Washington et al., 2000) and
the Hadley Centre Climate Model version 3 (HadCM3;
Gordon et al., 2000; Pope et al., 2000). Based on the average
of PCM and HadCM3 models, Hayhoe et al. (2004) project an
average annual temperature increase of 1.5°C throughout
California for the period 2020~49. Accordingly, to calculate
Deficit under this climate projection, we increased mean
monthly temperatures for each plot by 1.5°C and left mean
monthly precipitation unchanged from present values. We
compared the present and future scenarios in terms of their
absolute changes in Deficit and also relative to the current
species ranges. Because species tolerate different ranges of
Deficit as well as different mean values, we compared the
relative effect of an increase in Deficit by normalizing each
species range to mean 0, SD 1, then examining the modelled
change in Deficit relative to the standard deviation of each
species' current Deficit range.



RESULTS
We used 655 plots containing 16,460 live trees > 10 cm d.b.h.

representing 22 species, of which 17 species were represented
in > 4 plots (Fig. 1; Table I). Plot elevations ranged from 1219

to 3505 m. The heat-load index varied between 0.571 and
1.075 (x = 0.941, o = 0.093). Based on the 1971-2000 clima-
tological means, soils were always below field capacity from
July to September. By November, 407 of 655 plots were at field
capacity. However, for 192 plots, soil water storage was not at
field capacity until the melting of the snowpack in April
or May.

The relationship between physical variables (temperature
and precipitation) and AET and Deficit generally lay on a
gradient defined by two characteristic patterns (Fig. 2). In
lower montane coniferous forests, mean monthly temperatures
were above 0oC in 11-12 months (Fig. 2, left; Table 2), and the
annual trend in AET followed soil water availability: highest
from October to June. Beginning in June, available soil water
decreased, Deficit increased, and AET was lower. In upper
montane coniferous forests, mean monthly temperatures were
below 0oC for 2 months or longer (Fig. 2, right; Table 2), AET



occupied sites that were colder and snowier than those
occupied by Abies concolor. The AET-Deficit relationship
differentiated among species that occur at similar elevations.
Sequoiadendron giganteum, Pinus lambertiana and Abies con-

color co-occur in the lower montane mixed conifer forest types.
Differences among them were partly explained by the differ-
ences in the mean soil water-holding capacity (Table 3).
Sequoiadendron giganteum (mean elevation 1966 m) occupied
sites with greater soil water-holding capacity (166 mm) than
Pinus lambertiana (mean elevation 19l1 m, mean soil water-
holding capacity 136 mrn) or Abies concolor (mean elevation
2083 m, mean soil water-holding capacity 113 mm).

Species comparison of Yosemite water balance to
North American range

With respect to the water-balance metric AET/PET, most
species in Yosemite were found on sites in either the middle or
drier portion of the North American range for that species
(Fig. 5).

Values for AET/PET in Yosemite for Pinus sabiniana,

Quercus chrysolepis, Pinus jeffreyi, Populus tremuloides, Junipe-
rus occidentalis, Pinus contorta and Pinus albicaults were well
within the North American water-balance envelope for each
species, with values of AET/PET throughout North America
extending both above and below the values in Yosemite. Sites
in Yosemite occupied by Pseudotsuga menziesii, Quercus

was zero during the cold months, and soil water was available
and usable from March to November. Soil moisture decreased
in the summer, but not as rapidly as in warmer sites.

Species were distributed along axes of AET and Deficit
(Fig. 3). Pinus sabintana occupied sites with the highest levels
of Deficit, and Pinus albieaulis sites with the lowest levels of
Deficit. Generally, higher levels of Deficit were associated with
lower elevation, but soil water-holding capacity was an
important differentiating factor (Table 3). At higher levels of
AET and Deficit, AET showed less variation and Deficit
became relatively more important in differentiating among
species (Fig. 3; Table 3). Individuals of some species (e.g. Pinus

contorta and Calocedrus deeurrens) occurred over broad ranges
of AET and Deficit, and individuals of some species (e.g.
Sequoiadendron giganteum and Pinus sabiniana) occurred
within narrow ranges, partially due to the small number of
plots where individuals were present. Species had recognizable
annual water-balance patterns. Pinus ponderosa (Fig. 4) occu-
pied sites with a mediterranean climate, with readily available
soil water throughout the winter months and a period of
prolonged summer drought. Pinus albicaulis (Fig. 4) occupied
sites characterized by long winters during which AET was zero
followed by a rapid snowmelt and cool summers. Abies
concolor and Abies magnifica were intermediate species, and the
AET-Deficit relationship (Fig. 4) shows that Abies magnifica



period over which soils were depleted of available water. The
combined effect was a modelled increase in Deficit of 5%
across all plots (Table 4). Deficit increased > 5% between the
Little Ice Age and the present for plots occupied by Abies

concoior, Abies magnifica, Juniperus occidental is, Pinus jeffreyi,
Pinus monttcola and Populus tremuloides. Deficit decreased
> 5% for plots occupied by Pinus albicaults, Sequoiadendron
giganteum and Tsuga mertensiana. There was an average
modelled increase in AET of 12% across all plots.

In contrast, the change in modelled Deficit from present
climate to future climate scenario was much greater than the
change in Deficit from Little Ice Age to present (Table 4). The
increases in temperature projected by Hayhoe et al. (2004)
decreased snowpack and increased summer PET, resulting in
modelled increases in Deficit of 23% across all plots (Table 4).
Modelled Deficit increased > 25% for plots occupied by Abies
magnifica, Juniperus occidentalts, Pinus albicaulis, Pinus con-

torta, Pinus monticola, Sequoiadendron giganteum and Tsuga

mertensiana. When the increase in Deficit for each species was
expressed in terms of the standard deviation of that species'
Deficit in the present climate, the increase in Deficit between
the present and future scenario ranged from 0.460" to 0.760"

(mean 0.56o) for species present in > 10 plots (Fig. 6). Average
modelled AET increased 10%. AET/PET changed little for
most Yosemite plots.

DISCUSSION

Water-balance methods of predicting tree species presence and
abundance have been used in palaeoecological studies (Hunt-
ley, 2001; Dyer, 2004), global studies of inter-annual variation
in AET (Frank & Inouye, 1994), and climate change projec-
tions (Thomas et al., 2004; Kutzbach et al., 2005; McKenney
et al., 2007; Grundstein, 2009). With the increasing availability
of kilometre-scale climate data and 10- to 100-m-scale data for
soils, aspect and slope, calculating landscape scale distributions
of water balance becomes increasingly possible, and changes in
Deficit become another way to examine the potential effects of
climate change scenarios (Figs 3, 5 & 6). Each species has a
drought threshold beyond which no growth occurs (Waring &
Cleary, 1967; Hinckley & Scott, 1971; Thompson et al., 1999;
Royce & Barbour, 2001a). These limits can help us understand
the magnitude of vegetation change that may result from
climate changes, and to infer the sensitivity of species in a
particular location (Hannah et al., 2002). Because some inputs
to water-balance calculations are available at resolutions much
finer than climatological data or GCM outputs, calculations of
AET and Deficit may offer a method to circumvent the
downscaling problem in climate change forecasts.

Spatial resolution

Our method allows a straightforward calculation of landscape-
wide water balance in different climate scenarios at finer spatial
resolution than gridded climate models. Present climate
models (Daymet, PRISM) feature kilometre-scale spatial

kelioggii, Pinus ponderosa, Calocedrus decurrens, Pinus lam-
bertiana, Abies concolor and Abies magnifica were clustered
towards the arid end of the North American range for those
species; but within the North American range, each specieswas
found on some sites with lower AET/PET than those in
Yosemite (Fig. 5). Sites in Yosemite occupied by Pinus

monticola and Tsuga mertensiana were among the most arid
recorded for those species in North America (Fig. 5). Conti-
nental water-balance metrics were not available for Sequoia-
dendron giganteum.

Climate change projections

Modelled results from the three different time periods (Little
Ice Age, present and mid-21st century) allowed us to compare
the relative magnitude of change from past climate to present
climate, and from present climate to the future climate
scenario. The change from the cool and dry Little Ice Age
climate to the warmer and wetter present climate changed both
water supply and water demand. Warmer present temperatures
compared with Little Ice Age temperatures increased modelled
evaporative demand, but increased precipitation decreased the



Data limitations

The climate envelope approach has been used to characterize
species presence from known climate, and also to infer past
climate from species presence (Huntley, 2001). The climate
envelope approach requires an assumption that current species
ranges are constrained primarily by climate, and that past and
future climates will feature similar climate envelopes for each
species. However, as ciimate changes, interactions among plant
species, fire, insects and the climate envelopes may give rise
to non-analogue vegetation communities (Brubaker, 1988;
Wiliiams & Jackson, 2007; Williams et al., 2007).

Although we consider the Wieslander plot data to be
representative of Yosemite vegetation, inferences are limited to
the geographical boundaries of the park. Several species have a
very limited distribution within the park, and Yosemite
represents only a small portion of those species ranges
(Fig. 5). For example, Pinus sabintana occupied a relatively
narrow elevation band between chaparral and the denser
coniferous forests at the park's lowest elevations. Although

resolution (1000 m for Daymet, 800 m for PRISM). Global-
scale water- and energy-balance models such as the Variable
Infiltration Capacity model (Liang et al., 1994; Nijssen et al.,
2001) consider input parameters to have the same spatial
variation (a uniform grid cell size of 1/8° or 1/16°), and the
large spatial scale implies flat terrain with no variation in
aspect. These models are typically used for watershed, conti-
nental or global analyses of water dynamics (e.g, Sun et al.,
2005). They are not designed explicitly to consider the changes
in vegetation that can occur within hundreds of metres because
they are parameterized by vegetation type (forest, woodland,
savanna, etc.) rather than species. However, the spatial
variation in slope, aspect, topographic shading and soil
water-holding capacity are more precisely known and can
va..ryat finer spatial scales than climate models can resolve
(Urban et al., 2000; Kane et al., 2008). The present method
retains the spatial resolution of non-gridded inputs (soil water-
holding capacity, slope and aspect) and combines them with
gridded output from climate models, so that the water-balance
calculations reflect the inherent spatial variation of each input.



We  used current climate data alongside plot data from the
1930s. Low-elevation temperatures in Yosemite (Hetch Hetchy
and Yosemite Park Headquarters meteorological stations)
increased approximately O.4°C between the 1930s and the
19905. This increase in temperatures has been linked to
increased mortality of older trees (Lutz et al., 2009a; van
Mantgem et al., 2009). However, a comparison of the 655 plots
from the Wieslander survey with 210 plots from a modern
survey (1988-99) did not find changes in species ranges
throughout the park (Lutz, 2008; Lutz et al., 2009a; but see
Thorne et al., 2008 for range shifts at lower elevations between
the 1930s and 1990s).

Temperature and precipitation averages calculated by the
PRISM group consider many factors relevant to mountainous
terrain, but some areas have a low density of observed weather to
guide the PRISM calculations. Finer-scale temperature varia-
tion, especially in valley bottoms (Lundquist et al., 2008), also
differentiates vegetation. The NRCS soil map extends to a soil
depth of   200  cm, generally sufficient to record the uptake of the
approximately 90% of fine roots in the top 50 cm of the soil
profile - the most relevant depth for germination and early
growth of trees, but this soil map does not yet fully characterize
the soil profile. Individual tree variation in response to variations
in water balance (Hinckley et al., 1978) and the ability of certain
trees to access water through cracks in bedrock (Hubbert et al.,
2001) or from overall deeper rooting depth within soil (Waring
& Cleary, 1967) suggest that modelling will never be able to
explain all the variation in landscape parameters. Thornthwaite-
type water-balance models also assume that evapotranspiration
is a function of air temperature. However, at higher elevations,
cold soils can inhibit water uptake, producing moisture stress
when Thomthwaite-type models indicate none (Hinckley &
Ritchie, 1972). Field measurements along the environmental
gradient ofY osemite during the growing season, and also during
the period of maximum water stress, may help characterize
species' responses to water stress (Grier & Running, 1977; Royce
& Barbour, 2001a).

Fire

Factors other than the site water balance - competitive
interactions among species, trophic effects and fire - also limit
species ranges. The effect of climate on fire frequency and
severity (Swetnam, 1993; McKenzie et al., 2004; Lutz et al.,
2009b) may change a species' realized niche more than climate.
Our data set includes trees as small as 10 cm d.b.h., and
sufficiently frequent fire could eliminate individuals of this size.
Sites with high soil moisture deficit will also have dry fuels and
may be prone to burn at higher severity if ignited (Lutz et al.,
2009b). Other sites are isolated by rock outcroppings, and may
provide refuge from most fire events. Fire probably does not play
a role in constraining the effect of climate on higher-elevation
species (van Wagtendonk & Lutz, 2007) where both Deficit and
AET are low. Because AET is an index of site potential for
productivity, sites with high AET may be more prone to rapid
fuel accumulation. Higher-productivity sites with infrequent



fire will tend to burn at the highest severity. When fire is frequent
or severe, species' presence may be limited by dispersal or fire
(Urban et al., 2000). AET-Deficit relationships, combined with
knowledge of species sensitivities to fire, can help explain how
forest communities change when fire is excluded. Abies concolor
occupies sites with a broad range of AET and Deficit, but can
occupy sites with less soil water-holding capacity than pioneer
species such as Sequotadendron giganteum (113 vs. 166 mm
mean soil water-holding capacity). Because Abies concolor is also
shade-tolerant, the water-balance relationship emphasizes the
importance of fire in keeping Abies concolor a minor component
of sequoia groves.

Climate change

Changes in Deficit between c. 1700 and the present were small
(mean increase of 5%) because the increase in temperature was
counterbalanced by an increase in precipitation (Table 4). The
moderate increase in Deficit does not appear to have altered
species ranges yet. But between the mid-1930s and the mid-
1990s, most tree species in Yosemite National Park showed
declines in their largest diameter classes (Lutz et al., 2009a),
with at least a portion of these declines linked to drier
conditions (van Mantgem & Stephenson, 2007; van Mantgem
et al., 2009). Our modelled results for species that exhibited
decreases in Deficit (e.g. Pinus albicaulis) are also consistent
with these species' higher growth and persistence in the 20th
century (Millar et al., 2004).

Our assumptions of equivalent past and present decadal
variance in precipitation and temperature are generally
confirmed by higher-resolution dendrochronological studies
(Graumlich, 1993). However, multi-annual periods of higher
or lower temperatures could have caused periods of higher or
lower establishment that are reflected in present tree distri-
butions. Climate change projections are subject to consider-
able modelling uncertainty, and the response of trees may
depend more on the patterns of temperature and precipita-
tion extremes rather than on the seasonal means. Further-
more, no general circulation model can discount the
possibility of large temperature increases (Roe & Baker,
2007). Our future scenario of increasing temperature with
constant precipitation is a conservative assumption; the IPCC
Bl emission scenario represents a very smail warming
compared with more likely emissions pathways (Nakicenovic
et al., 2000). Our assumption of a 1.5°C mean annual
increase understates the increase in Deficit by 1.3% compared
with a projection where summer temperatures in the Sierra
Nevada increase by an amount higher than the annual
average - as the HadCM3 projects (Hayhoe et al., 2004). In
addition, both the PCM and the HadCM3 project small
decreases in precipitation for California. Therefore our
methods are most likeiy to understate the effect of future
climate change on Deficit.

Given the future scenario of 1.5°C higher annual temper-
atures in the IPCC B1 scenario, there would be a substantial
increase in Deficit both in absolute terms (Table 4) and

relative to species' current distribution (Fig. 5). A temperature
increase - even without a decrease in precipitation ~ will
increase mean evaporative demand, decrease snowpack and
thereby increase Deficit. Our modelling showed a significant
increase in Deficit for all tree species (Table 4; Fig. 6). The
modelled increase in Deficit may be partially offset by the
modelled increase in AET in spring and autumn. However,
species close to their water-balance range limit (Pinus monti-
cola and Tsuga mertensiana) may be more affected by the
increase in Deficit (Breshears et al., 2009). For other tree
species, individual trees that established c. 1700 - now
generally large - may be at risk of Deficit-related mortality if
they are located on sites near the recorded North American
range limit for the species. At least some plots currently
occupied by Pseudotsuga menziesii, Quercus kelloggii, Pinus

ponderosa, Calocedrus decurrens, Pinus lambertiana, Abies
concelor and Abies magnifica may fall into this category
(Fig. 5). Other species (e.g. Pinus contorta) occupied sites with
broad ranges of environmental parameters and may be less
limited by climate than by competition, initial patterns of
establishment (Larson & Franklin, 2005), productivity (Larson
et al., 2008), intermediate disturbance (Lutz & Halpern, 2006),
or other factors (Figs 5 & 6).

While changing climate will allow trees to grow in new
locations, development of mature forest cover at plots where
the climate becomes permissive depends on seed dispersal,
establishment, and a long period of growth. Because climate-
induced tree mortality can be rapid and the time for climate-
induced tree establishment can be slow, a decrease in oider
trees in one portion of a species' range occurring over
several decades may not be immediately offset by growth
elsewhere. Although tree species will vary in sensitivity to
changes in Deficit, the modelled change in Deficit in the
near future is of much larger magnitude than the changes in
the recent past, and even these smaller changes in the recent
past have been associated with increased rates of tree
mortality. Therefore climate-induced increases in tree mor-
tality may accelerate, affecting species ranges and size
distributions.
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