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Abstract. The Tibetan Plateau (TP) is experiencing high rates of climatic change. We
present a novel combined mechanistic-bioclimatic modeling approach to determine how
changes in precipitation and temperature on the TP may impact net primary production
(NPP) in four major biomes (forest, shrub, grass, desert) and if there exists a maximum rain
use efficiency (RUEmMax) that represents Huxman et al.’s “boundary that constrain([s] site-level
productivity and efficiency.” We used a daily mechanistic ecosystem model to generate 40-yr
outputs using observed climatic data for scenarios of decreased precipitation (25-100%);
increased air temperature (1°-6°C); simultaneous changes in both precipitation (+50%,
+25%) and air temperature (+1 to +6°C) and increased interannual variability (IAV) of
precipitation (+1o to 3o, with fixed means, where o is SD). We fitted model output from
these scenarios to Huxman et al.’s RUEmMAX bioclimatic model, NPP = o« + RUE X PPT
(where o is the intercept, RUE is rain use efficiency, and PPT is annual precipitation). Based
on these analyses, we conclude that there is strong support (when not explicit, then trend-wise)
for Huxman et al.’s assertion that biomes converge to a common RUEwmAx during the driest
years at a site, thus representing the boundary for highest rain use efficiency; the interactive
effects of simultaneously decreasing precipitation and increasing temperature on NPP for the
TP is smaller than might be expected from additive, single-factor changes in these drivers; and
that increasing IAV of precipitation may ultimately have a larger impact on biomes of the
Tibetan Plateau than changing amounts of rainfall and air temperature alone.

Key words.:  bioclimatic model; Biome-BGC, climate change;, mean annual precipitation;, mean annual
temperature; rain use efficiency; Tibetan Plateau.

findings of a “wetter tendency” in southern regions of
the TP over a 29-yr period (1971-2000).

However, land-vegetation—atmosphere interactions
on the Tibetan Plateau are highly variable, largely due
to its extreme heterogeneous terrain (Spicer et al. 2003,
Wang et al. 2008, Bothe et al. 2009, Hong and Kim
2010). Vegetation plays a key role in these interactions
so any change in vegetative surface cover will likely lead
to nonlinear feedbacks that will influence both temper-

INTRODUCTION

The Tibetan Plateau is one of the most extreme, harsh
environments on Earth. It is also one of the most
sensitive to climate change (Liu and Zhang 1998, Pan et
al. 2003, Diffenbaugh and Giorgi 2012). The Fourth
Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC) concluded that warming on the
Tibetan Plateau (TP) is likely to be well above global

mean warming (Christensen et al. 2007). Surface
temperatures have increased by about 1.8°C over the
past 50 years, which likely has direct implications for
precipitation (e.g., total amounts, spatial and seasonal
distribution, and variability [Wang et al. 2008]). In an
analysis of extreme temperature and precipitation events
on the TP over a 45-yr period (1961-2005), You et al.
(2008) found a warming trend with increased tempera-
ture extremes and precipitation both increasing (in the
southern and northern regions) and decreasing (in the
central region). This is consistent with Wu et al.’s (2007)
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ature (regional and global) and precipitation regimes
(Lashof et al. 1997, Hong and Kim 2010, Li and Xue
2010). This is especially germane given that Cui and
Graf (2009) suggest that warming trends on the TP
during the past 50 years indicate a high potential for
major changes in vegetative land cover.

These findings underscore the urgency for developing
quantitative models that can provide insights into the
potential impacts that climate change may have on
vegetation of the Tibetan Plateau. Vegetation models
usually focus on either vegetation distributions and/or
net primary production (NPP), the latter being a
fundamental biological process in the carbon cycle of
the biosphere, and thus vital for assessing the impacts of
climate change on terrestrial ecosystems (Post et al.
1997, Knapp and Smith 2001). Given that precipitation
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and temperature are major determinants of NPP in
terrestrial ecosystems (Chapin et al. 1993, Gower 2002),
models of varying degrees of complexity, ranging from
bioclimatic to mechanistic, have been developed based
on these key drivers.

Bioclimatic models have been used extensively in
climate change research due to their simplicity and
reliance on strong, global, empirical relationships that
exist between vegetation and climate (Scheffer et al.
2005, Jeschke and Strayer 2008). They consist of a wide
range of approaches (see Yates et al. 2000, Pearson and
Dawson 2003, Araujo and Peterson 2012), but the most
common ones assume equilibrium conditions between
the distribution and/or production of global vegetation
and mean annual precipitation (MAP) and temperature
(MAT; e.g., Lieth 1975, Zaks et al. 2007, Del Grosso et
al. 2008). Araujo and Peterson (2012) note that the
assumption of equilibrium is problematic if the goal is to
project changes under future climate conditions; al-
though, they suggest it may be possible to incorporate
“physiological tolerances of species to climate” to
overcome this limitation (the mechanistic—bioclimatic
modeling approach described by Jeschke and Strayer
[2008]). In this study, we use the mechanistic—bioclimatic
model of Huxman et al. (2004), hereafter the RUEpax
model.

The RUEyax model is given by

ANPP = o + RUE X PPT (1)

where ANPP is aboveground net primary production, o
is the intercept, RUE is rain use efficiency, and PPT is
annual precipitation (see Appendix A for an alternative
definition of RUE). Whereas the broad equilibrium
relationship between ANPP and PPT is captured by this
model, under novel climate conditions RUE can vary
depending upon the physiological tolerances of the
species (sensu Aratjo and Peterson [2012]). Huxman
and colleagues explored patterns of RUE across 14
ecosystem types (including shrublands, grasslands,
deserts, and forests) located in nine biomes in North
and South America in two steps.

The first step involved fitting an equilibrium site
model (RUEgtg). Using site-specific PPT and above-
ground NPP (ANPP), each site was fitted to Eq. 1. The
results are shown in Fig. la. Although there was much
variability, site RUEs declined with increasing MAP
(Fig. 1a). The second step involved fitting the equilib-
rium common model (RUEpax). All sites were grouped
and fitted to Eq. 1, but using only the driest year from
each site (i.e., PPT; where i = 1, ... 14). The biomes
converged to a common, maximum rain use efficiency,
RUEpax (i-e., slope RUESRY in Fig. 1b). Huxman and
colleagues suggested that RUEARS represented the limits
of productivity at any given site. For example, in cases
where other resources (e.g., temperature, nutrients,
elevated carbon dioxide concentration) are not limiting,
therefore leaving precipitation as the primary limiting
resource, RUEp\ax is a “boundary that constrain[s] site-
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level productivity and efficiency.” Hence, under drought
conditions, they predicted that a mesic site (e.g., Barro
Colorado Island in Panama) would use water as
efficiently as an arid site (e.g., the Sevilleta in southern
New Mexico).

Huxman and colleagues concluded that “forecasts of
future ecosystem behavior should take into account this
convergent feature of terrestrial biomes.” In this paper,
we test this assertion using Biome-BGC, a mechanistic
ecosystem model. In Appendix C, we discuss the
assumption of the generality of the bioclimatic model
of Huxman et al. (2004) for use under changing climate
and resource availabilities. In our approach, we simu-
lated daily NPP at 11 sites on the Tibetan Plateau over a
40-yr period (1969-2008) using Biome-BGC, observed
climatic data, and then fitted the equilibrium models
RUEgitg and RUE\ax to these output;. We ran Biome-
BGC under novel climate change (CC) scenarios
involving increases and/or decreases in temperature
and precipitation and re-computed the RUEgtg model
for each site (hereafter, RUEg;1g-CC), which represents
a nonequilibrium or novel state of a biome. Finally, we
investigated whether increases in precipitation variabil-
ity alone could alter these biomes in relation to their
equilibrium conditions (as represented by the RUEgTg
and RUEyax bioclimatic models). These steps enabled
us to evaluate the potential impacts of climate change on
NPP of the Tibetan Plateau; to determine if rain use
efficiencies within and across biomes respond to
changing climate (precipitation, temperature) and, if
so, if this could be a robust tool for forecasting future
ecosystem behavior; and to test if RUEyax does indeed
represent the limits or boundaries of primary produc-
tivity.

METHODS
Site selection

The mean elevation of the Tibetan Plateau is 4600 m,
which is higher than approximately half of the
troposphere (Spicer et al. 2003). Given the vastness of
the TP and its complex terrain, which covers over 2.5
million km® of central Asia, it is home to a broad
diversity of biome types, including forests (74% of which
are evergreen coniferous), shrublands, grasslands, tun-
dra, and desert (Ni 2000, Luo et al. 2002, Aldenderfer
and Yinong 2004). A vegetation map is given in
Appendix D that shows the locations of the 11 sites
we selected to represent four key biome types of the TP
(forest, grassland, shrubland, and desert).

The criteria used for selecting the sites was the
availability of daily meteorological data, soil texture
and depth, and independent estimates of NPP (or gross
primary production, GPP) for testing the veracity of our
model simulations (see Appendix E). The meteorolog-
ical data was obtained from the Climatic Data Center of
the China Meteorological Administration (Ye et al.
2009) and spanned a 40-yr period from 1969 to 2008.
(Data were incomplete prior to 1969 and, at the time of
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FiG. 1. The equilibrium site rain use efficiency (RUEg;tg) and maximum rain use efficiency (RUEyax) models for biomes of

the Americas (observed data) and the Tibetan Plateau (simulated as per the ambient simulation scenario [AMB], Table 1). See
Appendix B: Tables Bl and B2, respectively, for site acronyms, site characteristics, and model parameters. Note that annual rainfall
varies by an order of magnitude across the biomes in both studies. Equations in figure panels are generic forms of the equations
given here. (a) RUEg;TE model for the Americas. Insert depicts the sensitivities (RUEs or slopes, Eq. 1) to changing mean annual
precipitation (MAP). The overall relationship (dashed line) was derived using the combined data for all sites: aboveground net
primary production (ANPP)=1011.7 X (1 — exp [-0.0006 X PPT]), where PPT is precipitation (R>=0.77; P < 0.001). (b) RUEpax
model for the Americas. ANPP =86.1 +0.42 X PPTA™" (solid black line; dashed lines represent the 95% confidence intervals; R> =
0.79). This was derived using the historic minimum (subscript min) precipitation from each site (solid black circles, n = 14 sites; all
site data [open circles] shown for reference). (c) RUEgitg models for Tibetan Plateau. Insert depicts the sensitivities with changing
MAP (F is forest, S is shrub, G is grass, D is desert). The bold, dashed line is the curvilinear model from Fig. la fitted to the TP
sites. NPP = 3158 X (1 — exp[—0.00024 X PPT]) (R?> = 0.85; P < 0.001). (d) RUEpax model for the TP. NPP = (—108) +
0.86 X PPTI® (solid black line; dashed lines represent the 95% confidence intervals; R* = 0.98; P < 0.001). Derived using the

historic (observed) minimum precipitation from each site (solid black circles, n = 11 sites; all site data [open circles] shown for

reference). Panels a and b modified from Huxman et al. (2004).

this study, only available up to 2008.) In addition, since
the plateau is characterized by complex topography, low
mean annual temperatures, high solar radiation, and
large within- and between-year variability in both
temperature and precipitation (Liu and Chen 2000,
Wu et al. 2007, Ye et al. 2009, Ye et al. 2013), we picked
biomes to represent a wide gradient in MAP and MAT.

Description of Biome-BGC

We selected Biome-BGC for this study model since it
has been successfully applied in diverse biomes world-
wide. This model requires site characteristics (soil type,
soil depth, dominant vegetation, elevation, etc.), plant
physiological parameters (e.g., maximum photosynthe-
sis rate, annual leaf and fine root turnover fraction,
canopy light extinction coefficient, carbon to nitrogen
ratio of leaves), and daily meteorological data (precip-
itation, maximum and minimum air temperature, solar

radiation, vapor-pressure deficit, etc.). Generic values
for all parameters are provided, but site-specific ones can
be supplied by the user (see Ye et al. [2013] for details of
parameterization for the TP). An important property of
Biome-BGC is that for each combination of biome-type,
site characteristics, and climate drivers, there exists a
steady-state (SS) solution; hence, we conducted spin-up
simulations to bring soil organic matter (SOM) and
biomass to a dynamic SS (following the approach
described in Thornton et al. [2002] and Thornton and
Rosenbloom [2005]), which (on average), for our TP
site, occurred after 2029 years. Once achieved, we used
the SS values of litter, plant biomass, soil nitrogen,
SOM, and so on as initial values for running the
simulation scenarios. For a full description of Biome-
BGC, see Running and Hunt (1993), Kimball et al.
(1997), and White et al. (2000). For a brief description of
issues related to model validation, see Appendix E.
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TaBLE 1. Scenarios used in the Biome-BGC simulations for biomes of the Tibetan Plateau.
Scenario and sites Temperature Precipitation Fitted models Results
AMB
All 11 sites ambient ambient RUEgite Fig. 1c
All 11 sites ambient ambient RUEMax Fig. 1d
S1
1,4,7 ambient 25%, 50%, 75%, and 100% decrease RUEgme-CC Fig. 2
10 ambient 10%, 20%, 30%, and 40% decrease
S2
1,4,7,10 1°, 2°, 4°, and 6°C increase ambient RUEg1e-CC Fig. 2
S3
1,4,7,10 1°, 2°, 4°, and 6°C increase  50% and 25% decrease, 25% and 50% increase RUEgm-CC Fig. 3
S4
1,4,7 ambient ambient; 1o, 20, and 3o increase RUEg1-CC Fig. 4
10 ambient ambient; 0.2c, 0.40, and 0.6 increase

Notes: See Appendix B: Table B2 for site names and descriptions. “Ambient” refers to 40 years (1969-2008) of observed daily
data, including temperature and precipitation. S2 and S3 show an increase in daily ambient temperatures throughout the year. S1
shows a decrease in daily ambient precipitation during the growing season (May—September). S3 is a decrease or increase in daily
ambient precipitation during the growing season. S4 shows an increase in interannual variability, calculated as an increase in the
standard deviation (o) of the normal distribution at each site with the mean (p) unchanged. Models are equilibrium site rain use
efficiency (RUEg;tg), maximum rain use efficiency (RUEyax), and equilibrium site RUE climate change (RUEgt-CC).

Model scenarios

We used five simulation scenarios (Table 1). Scenario
AMB represents the ambient or baseline simulation for
the TP sites based on 40-yr (1969-2008) of observed
temperature and precipitation data. This represents
daily values for Biome-BGC and annual values for the
equilibrium RUEgrg and RUEpax models. Biome-
BGC output from scenario AMB was used to param-
eterize the RUEgiTg and RUEyax models (see Appen-
dix F for a discussion of scenario AMB vis-a-vis climate
change on the TP from 1969-2008).

In scenarios S1-S3, Biome-BGC was run for each site
under novel climates. This output was summarized as
annual values and then used to parameterize the
RUEgtg-CC model. Following the IPCC (2007a),
ambient precipitation in S1 was decreased from 25% to
100% and in S2 air temperature was increased from 1° to
6°C. In S3, temperature and precipitation were changed
simultaneously (air temperature was raised from 1° to
6°C while precipitation was changed *=50% from
ambient values). Changes in daily precipitation were
applied during the growing season (May—September on
the TP); changes in temperature were applied through-
out the year.

In S4, we investigated how changes in interannual
variability in precipitation might affect site NPP-
precipitation relationships relative to their equilibrium
conditions. Interannual variability (IAV) of precipita-
tion (PPT;5v) was calculated by increasing the standard
deviation (o) of the normal distribution while keeping
the mean (p) unchanged. We generated 40-yr precipita-
tion data sets (Pgen,, i = 1969, ..., 2008) using 1-40,
which resulted in a wide range of potential PPTisy
regimes as compared to observed precipitation data.
Precipitation numbers used in the simulations were
obtained by multiplying observed daily values (Pam-

bient,, i =) by the ratio Pgen,/Pambient;; therefore, only
precipitation size was altered whereas the gap between
events and their frequency remained the same. Further
details of the statistical methodology is given in Ye et al.
(2013).

For economy of presentation, we show results for four
sites: 1, Gongga (forest); 4, Zhuwagen (shrub); 7,
Haibei-G (grassland); and 10, Delingha (desert); the
trends for the other sites were similar. These four sites
have the highest MAP for each biome and span the full
range of observed MAP and MAT for the 11 sites.
Lastly, for Delingha, we had to modify the percent
decrease in precipitation and the degree of interannual
variability of precipitation in scenarios S1 and S4,
respectively (as shown in Table 1), in order to stay
within the bounds of tolerance for this desert site
(otherwise, it died out).

RESULTS AND DiscussioN
Scenario AM B: ambient conditions

Fits of the equilibrium RUEg;tg model are shown in
Fig. lc. Net primary productivity increased with
precipitation across all sites and years. The slopes or
rain use efficiencies (RUEs) are negatively correlated
with increasing MAP (Fig. Ic), which is consistent with
Huxman et al’s results (Fig. la) and other values
reported in the literature across a broad precipitation
gradient (e.g., Sala et al. 1988, Paruelo et al. 1999, Prince
et al. 2007, Bai et al. 2008). The high sensitivity of the
Bomi forest site on the TP (Fig. Ic) is likely due to the
fact that it has a MAT of 8.5°C (the highest among the
11 TP biomes) and its MAP is 53% lower than the
wettest forest site.

The common RUEysx model is shown in Fig. 1d.
The trend is similar (Fig. 1, compare panels b and d),
although parameters for the TP (o = —108; RUE[f,y =
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0.86) differ from Huxman et al.’s field-based American
data (4=286.1; RUESRS = 0.42). In turn, both differ from
Bai et al.’s (2008) parameterization using ANPP data
from 21 grassland sites on the Mongolia Plateau (i.e., o
=44.95; RUEME, = 1.08). These differences are expected
for various reasons. Estimates of primary production by
Biome-BGC includes both above- and belowground
components and represent a potential production in the
absence of grazing and other natural disturbances. In
contrast, the ANPP data used by Huxman et al. and Bai
et al. are actual production estimates that reflect many
unknown local factors (as well as differences in
methodologies). The historic minimum precipitation
data used are on vastly different time spans (7-23 years
for the American sites, 40 years for the Tibetan Plateau,
and 24 years for Inner Mongolia). Additionally, the
biomes represented in the American data are much more
geographically diverse (e.g., steppe and tropical, tem-
perate, deciduous, and coniferous forests) than those in
the Tibetan and Mongolian studies. Even similar biome
types on the TP are from extremely high elevations
(2848—4333 m) and the sites in the Mongolian study are
in a single biome (grassland).

Scenarios S1 and S2: climate change with single drivers

In Fig. 2, we present the results of decreasing growing-
season precipitation (scenario S1) and increasing air
temperatures (scenario S2) for the four biomes. The top
panels in both scenarios depict the equilibrium state of a
biome (from the AMB scenario) and are therefore
identical, differing only in scale. In the panels, we show
the RUEgrg model for each biome (from Fig. 1c) and
the common TP RUEyax model (from Fig. 1d). How
climate change (S1 or S2) affected the NPP-PPT
relationship for each biome can readily be seen from
top to bottom in each column of Fig. 2; these changes
are quantified using the RUEgtg-CC model (for
reference, the RUEg;tg and common RUEyAx models
are shown in each panel).

Scenario S1: changing precipitation—In S1, NPP
decreased with declining rainfall in all biome types. In
the forest biome, the RUEgtg-CC model gradually
approached the slope and intercept of RUEyax as
precipitation was decreased (Fig. 2, from 25% decrease
to 100% decrease). With a 25% reduction in precipita-
tion, the RUEgtg-CC model began a significant
departure from its RUEgtg model. Once all growing
season precipitation was eliminated (Fig. 2, forest 100%
reduction), the forest RUEgte-CC model converged to
the RUEyax model. (See Appendix G for statistical
tests on regression intercepts and slopes.)

In the shrub biome, once the decrease in rainfall
reached 50%, the RUEgme-CC model strongly tended
toward the common model (Fig. 2, from 50% to 100%
decrease) although they were not statistically identical at
any level of rainfall reduction. The grassland biome
displayed an unexpected response to decreasing precip-
itation as, even with a 50% reduction in precipitation,
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there was only a minor separation of RUEg1E-CC from
the RUEgirg model (Fig. 2, from 25% to 100%
decrease). Greater than this, however, the slope of the
RUEgmE-CC model was statistically equivalent to
common RUEpax (albeit with different intercepts,
Appendix G).

The desert biome was least impacted by decreasing
precipitation (Fig. 2, from 10% to 40% decrease), other
than the relatively small (relative to the other biomes)
decline in NPP. The RUES]TE and RUES[TE-CC models
were similar to each other at all levels of rainfall
reduction, converging to the common RUEpax with
only a 10% reduction in growing season precipitation.

Scenario S2: changing temperature.—Upward changes
in temperature generally led to increases in simulated
NPP across all biome types. However, there was a
strong interaction with precipitation; that is, increases in
NPP were largest in those years with the highest levels of
precipitation. This is visually apparent by the gradual
upward shift of data points at higher values of
precipitation toward the common RUEpax model
(Fig. 2, from 1°C increase to 6°C increase).

In the forest and desert biomes, increased temperature
affected NPP-PPT relationships in a manner analogous
to seasonal drought. In the forest biome, there was a
convergence to the common RUEyx but only with the
highest rise in temperature (Fig. 2, 6°C increase). This
was also the case for drought where convergence
occurred only with maximum decrease in precipitation
(Fig. 2, 100% PPT decrease). Similarly, in the desert
biome, there was a convergence to the common
RUEpax at the lowest treatments; that is, a 10%
reduction in rainfall (Fig. 2, 25% PPT decrease) and a
1°C increase in temperature (Fig. 2; Appendix G).

The RUEgrg-CC model for the shrub biome
exhibited strong tendencies toward convergence with
the RUEyax with rising temperature (Fig. 2, 1°C to
6°C increase), just as it did with declining precipitation
(Fig. 2, 25% to 100% PPT decrease). However, once
temperature was raised 4°C, the slopes of the
RUEg1g-CC and RUEyax models converged; al-
though, this was not the case with declining rainfall
(Appendix G). In the grassland biome, the RUEgtg-
CC model progressively moved in the direction of the
RUEMyax model (Fig. 2, 1°C to 6°C increase) and
eventually converged to the common model, but only
when temperature reached 6°C above ambient.

Scenario S3: climate change with multiple drivers

Here we investigated the interaction of simultaneous
changes in precipitation and temperature. The results
are shown in Fig. 3. As before, NPP across in all of the
biomes declined with decreasing precipitation (S1) and
increased with rising air temperature (S2). These
patterns are not surprising. In a meta-analysis of 85
experimental studies, Wu et al. (2011) reported that
decreases in precipitation generally lowered NPP where-
as warming significantly stimulated NPP. However, as
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Scenario S1
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FiG. 2. Scenario S1 supposes decreases in growing-season precipitation. (Note that because only growing season [May—
September] precipitation was decreased, the x-axis does not reach 0 mm/yr; also, note that precipitation in the desert biome is
different than that in the other biomes [values shown on the panels]) Scenario S2 shows increases in temperature. The equilibrium
panels for S1 and S2 are identical (differing only by scale). They represent the AMB scenario (Table 1) used to develop the
equilibrium RUEgtg and common RUEyax models. To examine how climate change (SI or S2) affects the NPP-PPT
relationships in each biome, Biome-BGC was run for 40 years under the novel climate and daily model output summarized as
annual NPP and precipitation (open circles, n = 40 years). Changes are quantified by the RUEg1g-CC model (dashed lines; for
reference, the fixed RUEg;tg [solid gray lines] and common RUEpax [solid black lines] models are shown in each panel). Symbols
for statistical test (Appendix G) comparing the RUEgmg-CC and RUE\ax models are 1, identical intercepts and slopes, and I,

identical slopes but different intercepts).

Wu et al. (2011) comment, “the general responses of
terrestrial ecosystems to changes in temperature and
precipitation, and especially to their combined effects,
remain unclear.” Our results are consistent with Wu et
al.’s findings. Whereas we observed significant differ-

ences in how the biomes responded to the combined
effect of co-varying precipitation and temperatures (as
compared to the single-factor drivers of Fig. 2), the
magnitude and direction of the responses were not
wholly anticipated.
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Scenario S2

0°C increase, equlibrium
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FiG. 2. Continued.

First, the most obvious difference was that the only
significant convergence of the RUEgrg-CC model to
the common RUEysx model occurred in the desert
biome, and this was only when temperature was raised
4°C (slopes and intercepts identical) and 6°C (similar
slopes) (Appendix G). In a satellite-based study, Li et al.
(2013) found that RUE (computed as the ratio of the
normalized difference vegetation index [NDVI; a grow-
ing season proxy for ANPP] to MAP) tended to increase
with increases in mean annual temperature over a spatial

gradient on the Tibetan Plateau. Second, one of the key
effects of rising temperature was to increase the
variability in NPP. This is evident in Fig. 3 for the
shrub biome (i.e., Fig. 3, 0°C increase to 1°C increase).
As simulated temperature rose, the variability in NPP
associated with the same amount of precipitation, was
significantly higher. These differences in biome respons-
es can be attributed to nonlinear interactions and
feedbacks of ecosystem processes due to simultaneous
changes in precipitation and temperature drivers.
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FiG. 3. Scenario S3 shows simultaneous decreases in growing-season precipitation (—50%, —25%, 0, +25%, +50%) and increases

in temperature (1-6°C). See Fig. 2 for details of simulations (open circles; n =200 data points per panel: [temperature regime] X [5
precipitation regimes] X [40 yr]). Changes are quantified by the RUEgtg-CC model (dashed lines; for reference, the fixed RUEg g
[solid gray lines] and common RUEyax [solid black lines] models are shown in each panel). Symbols for statistical test (Appendix
G) comparing the RUEg1E-CC and RUE\ax models are T, identical intercepts and slopes, and I, identical slopes but different

intercepts).

Scenario S4: climate change with increased interannual
variability in precipitation

The response of the four biomes to an increase in
interannual variability (IAV) in precipitation is shown
in Fig. 4. For each biome, we calculated its RUEgTg-
CC for years where rainfall was both higher and lower
than its historical lowest annual precipitation. Increas-
ing the TAV of precipitation led to more instances of
convergence to the RUEyax model in the forest, shrub
and grassland biomes than in the other scenarios,
combined. This occurred when precipitation fell below

historical minimums; there was no convergence when
precipitation was above the minimum (Fig. 4; see
Appendix G). The exception was the desert biome,
which is consistent with the other scenarios, since the
RUEgtg model was already near its common
RUEpmax. It is unclear as to why the forest and shrub
biomes did not converge with an increase in IAV of 2o,
since, at +1 and +30, they did (Fig. 4).

Knapp et al. (2008) developed a conceptual model to
envisage how terrestrials might respond to increasing
IAV. One of their predictions was that NPP in mesic
ecosystems should decrease more significantly (or be
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F1G. 4. Scenario S4 shows an increase in interannual variability (IAV) in precipitation, calculated as an increase in the standard
deviation (o) of the normal distribution at each site with the mean (p) unchanged. Note that IAV in the desert biome is different
than that in the other biomes (values shown on the panels). The top panel is as in Fig. 2. The vertical solid blue line represents the
observed historical lowest annual precipitation (PPT,;,) for each of the biomes during 1969-2008. The RUEg;1E-CC model was
calculated for each AV instance based on years that fell on either side of the blue line: to the left, precipitation was <PPT;,; to the
right, precipitation was >PPT,;,. See Fig. 2 for details of simulations and key to symbols. Dashed gray lines show values >PPT,;,;

dashed blue lines show values <PPTy;,.

more sensitive to precipitation) in water-stressed years,
as IAV in precipitation increases. This is supported by
our results. As shown in Fig. 4, the forest, shrub and
grass biomes had much higher sensitivities (i.e., con-
verged to RUEyax) when precipitation fell below the
threshold of the historical minimum. In contrast, NPP in
the desert site was sensitive to both increased and
decreased precipitation, regardless of the historical
minimum. The patterns shown in Fig. 4 exemplify the
general tendencies posited by Knapp et al. (2008) in Fig.
5 of their paper.

CONCLUSIONS

We present a novel mechanistic—bioclimatic modeling
scheme to examine how changing climate may poten-

tially affect biomes of the Tibetan Plateau (TP). Our
findings support Huxman et al.’s (2004) view that, while
rain use efficiency (RUE) is a function of complex
abiotic-biotic interactions in ecosystems, it is a robust
concept, and a common RUE\ax model exists for the
TP that generally represents the limits or boundaries of
primary productivity. Since it is estimated that 10-50%
of the land mass on Earth is vulnerable to climate-driven
vegetation shifts by the end of this century (Gonzalez et
al. 2010), paradigms such as the RUEyax model may
serve as vital tools to aid in elucidating potential trends
in biomes.

We found that the interactive effects of simultaneous-
ly decreasing precipitation and increasing temperature
(Fig. 3) was smaller than expected from additive, single-
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factor changes in these drivers (Fig. 2). In spite of some
of the predictable patterns that emerged from our work,
such as a relatively strong empirical relationship
between NPP and temperature and precipitation, we
agree with Wu et al. (2011) that the way in which
terrestrial ecosystems will respond to changes in
temperature and precipitation is by no means certain.
This is especially true with regard to their combined
effects. This is a somewhat sober recognition of the
complexity of terrestrial ecosystems, especially given the
plethora of factors and feedbacks that can affect
productivity (Knapp et al. 2008).

Lastly, one of the likely consequences of climate
change is increased interannual variability (IAV) of
precipitation (IPCC 2007h, Ye 2014). Seager et al.
(2011) predicts that IAV will increase “everywhere
across the planet” but will be highest at higher latitudes.
In general, higher IAV connotes fewer, but larger,
rainfall events that lead to larger fluctuations in soil
water content. With regard to the Tibetan Plateau, this
has important implications as stressed by Zhang et al.
(2013) who stated that the “frequency, magnitude, and
amount of rainfall” should be an integral part of
investigations of ecosystems of the Tibetan Plateau. In
another modeling study on the TP, Ye et al. (2013)
found that increasing IAV for both precipitation and
temperature increased the IAV of NPP and were able to
identify potential ecosystem thresholds of tolerance. In
this study, we conclude that increasing IAV of
precipitation may have a larger effect on biomes of the
TP than changing air temperatures and total amounts of
precipitation alone.

We agree with Scheffer et al. (2005) who caution that
the use of empirical relationships in bioclimatic models
is “a tricky basis for prediction in the absence of a good
mechanistic insight.” Nevertheless, our findings support
the claim of Huxman et al. (2004) that their bioclimatic
model contributes to a “mechanistic knowledge of
precipitation effects on ecosystem processes.” Our
findings also contribute to Pearson and Dawson’s
(2003) and Heikkinen et al.’s (2006) call for a rigorous
appraisal of the strengths and limitations of bioclimatic
models in climate change research. The success of the
RUEpax bioclimatic model is undoubtedly because it is
based on rain use efficiency, which has been used
extensively as an integrated index of ecosystem func-
tioning (Le Houérou et al. 1988, Jarvis 1993, Prince et
al. 2007, Bell et al. 2010) and is considered by many to
be a unifying concept in ecology (Le Houérou et al.
1988, Bai et al. 2008).
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