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Abstract
Humans are altering global environment at an unprecedented rate through changes in biodiversity, climate, nitrogen
cycle, and land use. To address their effects on ecosystem functioning, experiments most frequently explore one driver at a time and control as many confounding factors as possible. Yet, which driver exerts the largest influence on
ecosystem functioning and whether their relative importance changes among systems remain unclear. We analyzed
experiments in the Patagonian steppe that evaluated the aboveground net primary production (ANPP) response to
manipulated gradients of species richness, precipitation, temperature, nitrogen fertilization (N), and grazing intensity. We compared the effect on ANPP relative to ambient conditions considering intensity and direction of manipulations for each driver. The ranking of responses to drivers with comparable manipulation intensity was as follows:
biodiversity>grazing>precipitation>N. For a similar intensity of manipulation, the effect of biodiversity loss was 4.0,
3.6, and 1.5, times larger than N deposition, decreased precipitation, and increased grazing intensity. We interpreted
our results considering two hypotheses. First, the response of ANPP to changes in precipitation and biodiversity is
saturating, so we expected larger effects when the driver was reduced, relative to ambient conditions, than when it
was increased. Experimental manipulations that reduced ambient levels had larger effects than those that increased
them. Second, the sensitivity of ANPP to each driver is inversely related to the natural variability of the driver. In
Patagonia, the ranking of natural variability of drivers is as follows: precipitation>grazing>temperature>biodiversity>N. So, in general, the ecosystem was most sensitive to drivers that varied the least. Comparable results from
Cedar Creek (MN) support both hypotheses and suggest that sensitivity to drivers varies among ecosystem types.
Given the importance of understanding ecosystem sensitivity to predict global-change impacts, it is necessary to
design new experiments located in regions with contrasting natural variability and that include the full range of
drivers.
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Introduction
Ecosystems are exposed to human-induced drivers of
global change, such as increased temperature and nitrogen (N) deposition as well as alterations in biodiversity
and land use (Steffen et al., 2015). These drivers exert
different influences on the ecosystems, and the ranking
of the importance of drivers of change differs across
biomes (Sala et al., 2000). Which driver exerts the largest influence on the functioning of each ecosystem
type is relevant for understanding the consequences of
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global change and ultimately designing adaptation
strategies (Scheffer et al., 2015). Or, in other words,
which ecosystems are most sensitive to any single
driver?
To address the effects of global-change drivers on
ecosystem functioning, experiments most frequently
explore one driver at a time and control as many other
potential confounding factors as possible. For example,
experiments simulate N deposition by fertilizing natural plots and using unfertilized plots as controls (Chung
et al., 2007). Similarly, changes in precipitation are
commonly simulated by precipitation interception
(Yahdjian & Sala, 2006) combined with irrigation (Heisler-White et al., 2009; Reichmann et al., 2013). The
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effects of changes in biodiversity are usually assessed
by planting experimental plots with different number
of species (Tilman et al., 1996) or through species
removal (Flombaum & Sala, 2008). Multifactorial experiments that manipulate several variables (Reich et al.,
2001; Shaw et al., 2002; Boyero et al., 2014) are more
powerful although less frequent than single-variable
experiments. Analysis of single-variable experiments
that were performed in the same location complement
results from multifactorial approaches. To disentangle
which driver of global change exerts the largest
influence on ecosystem functioning, it is necessary to
compare the results of different experimental manipulations. A way to achieve this comparison has been to
perform syntheses of ecological experiments by reviewing, integrating, and summarizing a large number of
independent studies (Wu et al., 2011; Hooper et al.,
2012), so the different drivers of global change can be
compared using a statistical approach (Arnqvist &
Wooster, 1995; Hedges et al., 1999; Crain et al., 2008).
However, issues of variation among ecosystems cannot
be controlled, and the different experimental methodologies involved in each individual study usually limit
the strength of the results of meta-analysis (Fraser et al.,
2012). For instance, the differences between the manipulation intensity of each driver among experiments
(e.g., 90% species losses against 30% precipitation
reductions) are usually not controlled in meta-analyses,
introducing a potential unaccounted source of uncertainty when different experiments are compared
(Hooper et al., 2012).
Another alternative for assessing the effects of multiple drivers has been the comparison of different experiments performed in the same site, with the advantage
of sharing the same natural conditions (i.e., climate,
soil, and plant species; (Tilman et al., 2012; Hautier
et al., 2015). For instance, the comparison of different
global-change experiments performed in Cedar Creek
(MN, USA) revealed that biodiversity loss had larger
effects on primary production than N addition and
drought (Tilman et al., 2012). Reduction in species richness from 16 to one species had the largest effect among
all other treatments, followed by the addition of 95 kg
N ha1 yr1 (Tilman et al., 2012).
The question that remains unanswered is the generality of these results. Specifically, is the hierarchy of drivers related to the intensity and direction of the
manipulation? Does the hierarchy of drivers vary
among ecosystem types or is it universal? Are differences among the responses of drivers related to the natural variability of each driver in each ecosystem?
Grasslands are affected by four drivers of global
change: climate change, land-use change, biodiversity
change, and increased reactive nitrogen (Sala et al.,

2000). Grasslands, shrublands, and savannas cover 40%
of the Earth’s land surface and are characterized by low
levels of precipitation that ranges from 150 to 1200 mm
yr1 (Reynolds et al., 2007). Along this precipitation
gradient, interannual variability of precipitation
decreases from the arid to the humid end (Knapp et al.,
2015). Projections of climate change in grasslands
include increases in temperature and alterations of the
precipitation regime, with decreases or increases
depending on the region (Hartmann et al., 2013). Landuse change in grasslands varies along a precipitation
gradient with humid grasslands usually being replaced
by crops and affected by fire (Briggs et al., 1998),
whereas arid grasslands, which cannot support agriculture and show small fuel accumulation, are affected by
grazing of different intensities (Golluscio et al., 2015).
Biodiversity change in grasslands results in the local
extinction of native species that can or cannot be
accompanied by invasion of alien species (Milchunas &
Lauenroth, 1993). Finally, grasslands are subjected to
increases in N availability as a result of anthropogenic
N deposition, which varies according to the location of
sites relative to pollution sources (Reay et al., 2008).
Grasslands are the ideal model ecosystem for globalchange research because of the small size and short life
span of grasses that made experimental approaches feasible. Manipulative experiments explored the effect of
changes in precipitation, temperature (see Wu et al.,
2011 for a revision of these experiments), CO2, N deposition (Reich et al., 2001; Shaw et al., 2002), and biodiversity (Tilman et al., 1996; Hector et al., 1999;
Flombaum & Sala, 2008; Wilsey et al., 2009). To address
which global-change driver is the most influential, a
single site with multiple experimental manipulations
can provide key evidence as mentioned earlier for
Cedar Creek (Tilman et al., 2012). The Patagonian
steppe shares with Cedar Creek the dominant plant life
forms and a long history of manipulative experiments
in global-change drivers (Adler et al., 2005; Yahdjian &
Sala, 2006; Flombaum & Sala, 2008; Yahdjian et al.,
2014), but has lower annual precipitation.
The objectives of this study were (i) to evaluate the
relative effect of the main global-change drivers on the
functioning of the Patagonian steppe ecosystem and (ii)
to explore the mechanisms behind the different ecosystem sensitivity to each driver. First, we proposed two
hypotheses to explain the response of ecosystem functioning to global-change drivers. Second, we synthesized existing manipulative field experiments
performed in a single study site in the Patagonian
steppe. We compared the ecosystem responses taking
into account the magnitude of the manipulation
imposed and using averaging tools from meta-analysis.
We compared the effect of reduced and increased
© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 503–511
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precipitation (Yahdjian & Sala, 2006), reduced biodiversity (Flombaum & Sala, 2008), increased N availability
(Yahdjian et al., 2014), increased grazing intensity
(Adler et al., 2005), and increased temperature (Roset,
2000) on aboveground net primary production (ANPP)
of the Patagonian steppe (Table 1). We used a framework that included the intensity of both ecosystem
responses and global-change drivers. To compare the
effects on ANPP, we used the response ratio (the ratio
of mean outcome in the manipulated group to that in
the control group; lnRR) (Hedges et al., 1999). To compare the intensity of the manipulation of each driver,
we used the manipulative ratio (the ratio of the treatment level to that in the control; lnMR). To assess the
ecosystem sensitivity to drivers relative to the natural
variability of each driver, we used available time series
for climate drivers and assessments of the spatial variability for all other drivers. Finally, we compared our
results against those reported from a similar synthesis
from a mesic grassland in the Cedar Creek experimental site (Tilman et al., 2012).

precipitation and ANPP. This phenomenon occurs in
rare locations and occasions in grasslands (O. Mckenna
& O.E. Sala, under review). Temperature and grazing
depict a unimodal relationship with optimal levels at
which ANPP and plant growth are maximal (Milchunas & Lauenroth, 1993; Sage & Kubien, 2007). Thus,
resources (water and N) and biodiversity experiments
that reduce the level of a driver (e.g., drought, or species loss experiments) have higher probability to be
included in the steep portion of the ANPP/driver relationship, while those increasing the level of a driver
(e.g., irrigation experiments) have higher probability to
be included in the flat portion of the curve. Biodiversity
experiments typically reduce the number of species relative to the ambient condition, while temperature and
N deposition increase ambient conditions through
warming and fertilization experiments. Finally, precipitation change experiments include both (irrigation and
drought).

Global-change drivers with the highest impact are those
that experience lowest level of natural variability

Hypotheses for the effects of global-change drivers

This hypothesis is based on the idea that the natural
variability of global-change drivers varies among drivers and among ecosystem types. Ecosystem made up
of species that evolved under stable conditions for one
driver and variable conditions for others would be
most sensitive to changes in the driver that historically
has been the most stable. The rationale for this mechanism is that organisms that evolved under a changing
environment form communities that are more resilient
than those communities composed of species that
evolved under a constant environment. High environmental variability in space or time will allow survival
of species adapted to broad environmental conditions.

The effect of increasing global-change drivers such as
precipitation and biodiversity relative to ambient
conditions is smaller than the effect of reducing those
drivers
Grassland ANPP shows a saturating response to precipitation, biodiversity, and N, with a steep response at
low levels of the driver and gradually diminishing
responses at high levels (Aber et al., 1989; Tilman et al.,
1997; Huxman et al., 2004; Sala et al., 2012). Under
extreme conditions, water logging can cause a decrease
in ANPP yielding a hump-shaped relationship between

Table 1 Manipulative experiments in the Patagonian steppe used in this study. The manipulated level underlined is the ambient
condition that was used as the control treatment

Global-change
driver
Climate:
precipitation
Biodiversity
Nitrogen
deposition
Land use:
grazing
intensity
Climate:
temperature

Type of
manipulative
experiment

Variable used to
quantify the
intensity (units)

Rain-out shelter

Annual precipitation
(mm yr1)

Watering
Plant-species
removal
Fertilization
Natural gradient

Open-top
chambers

Ambient
condition

Plant-species richness
(number)
Nitrogen availability
(g N m2)
Forage consumption
(g m2 yr1)
Annual
temperature (°C)
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150
170
6
5.4
0

8.0

Manipulated
levels

Replicates
per level

Year

Source

80%, 50%,
30%, 0%
+50%, 0%
1, 2, 4, 6 species

10

2001

Yahdjian
& Sala (2006)

5
18, 30, 30, 6

2002
2003

Ambient,
+5 g N
High, low,
exclosure

10

2006

Ambient,
+T (0.58 °C)

10

6

2000–01

1999

Flombaum
& Sala (2008)
Yahdjian
et al. (2014)
Adler
et al. (2005)
Roset (2000)
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For example, enhanced precipitation variability results
in high plant-species diversity because the differential
nonlinear response of plant species to precipitation
(Chesson et al., 2004). So, a hypothetical community
from a high precipitation location may include species
adapted to wet and dry conditions. This diverse community, from the point of view of traits that confer
drought tolerance and ability to utilize wet periods, will
be more resilient to changes in precipitation. However,
traits associated with precipitation variability not
always confer resilience to other environmental factors.
This hypothetical community, which is diverse in water
availability traits, may not be diverse in terms of traits
associated with N availability. Finally, increased diversity results in an increased resilience in what is known
as the portfolio effect (Tilman et al., 1997). Sensitivity to
global-change drivers among ecosystem types will be
inversely related to the natural variability of each factor
in each ecosystem type. Evidence suggests that ecosystem types respond differently to the variability of precipitation, temperature, and cloudiness (Seddon et al.,
2016).

Study site and manipulative experiments
The study site, the Rio Mayo experimental station in
the Patagonian steppe, Argentina (lat 45°410 S, long
70°160 W), is a long-term ecological research site representing a broad ecosystem distributed along the southern portion of Argentina. The climate is semiarid, with
mean annual precipitation of 170 mm and mean annual
temperature of 8 °C. Vegetation is dominated by six
species, three grasses and three shrubs, which account
for 95% of ANPP (Jobb
agy & Sala, 2000) and evolved
under a short history of grazing with almost absence of
large herbivores (Adler et al., 2005).

Biodiversity: plant-species richness
The biodiversity gradient consisted in 1, 2, 4, and 6
plant species with 6, 15, 15, and 1 possible species combination replicated 3, 2, 2, and 6 times totalizing 84
plots (Flombaum & Sala, 2008). All 84 plots initially
contained the six dominant plant species. The gradient
was generated by species removal while maintaining
constant biomass across treatments. Species richness
and composition treatments were randomly assigned,
and target species were removed. To control for vegetation cover as a confounding factor, the experiment initially equalized this variable along the plant-species
richness gradient by removing portions of the species
remaining in the plots. Thus, plots differed in the number and composition of species, but had the same initial
cover and physical environment characteristics

(Flombaum & Sala, 2008). Plots were 25 m2 and contained four fixed parallel lines of 5 m on which vegetation cover per species was recorded yearly. Vegetation
cover was estimated using the line-intercept method,
recording the crowns that intercepted the line to the
nearest 1 cm. Species cover was converted to biomass
employing specific allometric-calibration curves constructed for this study site (Flombaum & Sala, 2007).
Vegetation cover by species at peak biomass is a good
estimator of aboveground net primary production
(ANPP) in ecosystems with pronounced seasonality
(Sala & Austin, 2000). For further detail, see Flombaum
& Sala (2008).

Climate: precipitation
Two experimental precipitation gradients were
included in this study. The first was a drought experiment performed during two consecutive years where
ambient precipitation was reduced by 80, 50, 30,
and 0% (control) in natural vegetation plots using rainout shelters (Yahdjian & Sala, 2006). Rain-out shelters
intercepted different percentages of precipitation with
different number of transparent acrylic shingles. The
transparent acrylic bands were located over the canopy
and intercepted a negligible amount of light (Yahdjian
& Sala, 2002). The number of replicates per treatment
was 10, and response variables were measured in the
center of 3.8-m2 plots. The second experiment was a
watering experiment, where annual precipitation was
increased by 0 (control) and 50% with two pulse water
additions during the growing season (Yahdjian & Sala,
2006). The watering experiment was performed in the
same set of plots than the drought experiment; thus, 0
and 50% watering treatments were overimposed over
the four drought treatments in a factorial design. Here,
we considered only the watering treatments that were
overimposed on 0% interception drought plots to avoid
confounding legacy effects, and consequently, for the
watering experiment, there were five replicates (Yahdjian & Sala, 2006). Experimental precipitation plots
were 3.8 m2 and were centered on an average-size
shrub (Mulinum spinosum), and all contained dominant
tussock grasses. Vegetation cover was estimated during
peak biomass in two 2.7-m perpendicular lines and
later converted to ANPP using calibration regressions
performed for each dominant species in this study site
as explained above (Flombaum & Sala, 2007). For further detail, see Yahdjian & Sala (2006).

Climate: temperature
Temperature increase was achieved with open-top
chambers (2.6 m2 and 30 cm height) of transparent
© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 503–511
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acrylic (Roset, 2000; Henry & Molau, 1997). The experiment included ten replicates for increased temperature
and control plots of similar area. The plots contained a
mean-size tussock of the dominant species, Pappostipa
speciosa. Temperature was measured in five plots using
thermocouples NTS at 5 cm above soil surface avoiding
direct solar radiation. Aboveground net primary production was estimated using a radiometer (SKYE SKR
100/110) and converted to green biomass with specific
regressions developed for the study site. Measurements
were obtained at the peak of green biomass (January).
For further details, see Roset (2000).

Nitrogen deposition: fertilization
The N fertilization experiment was performed during
two consecutive years. N deposition usually increases
N availability, which was simulated by a N fertilization
experiment. The experiment included two treatment
levels, plots fertilized with 5.0 g N m2 yr1 and controls, with ten 9-m2 plots per level. Fertilizer was
applied as NH4NO3 diluted in 2 l of water (equivalent
to a 0.22 mm rain pulse) uniformly distributed on the
soil surface with a sprayer in three application events
during the growing season, in October, December, and
January. Nonfertilized plots received similar amount of
water only, applied with the same protocol. Plots were
9 m2 and contained two parallel 3-m lines on which
vegetation cover was recorded during peak biomass
and later converted to ANPP with the same methodology described above. Plots contained natural vegetation
that included the dominant shrubs and grasses of the
study site. For further detail, see Yahdjian et al. (2014).

Land use: grazing intensity
Sheep grazing is the major land use in the Patagonian
steppe. Sheep spatial distribution and hence grazing
intensity are controlled by the location of drinking
water, which could be natural or artificial. The longer
the distance to the water source, the lower the grazing
intensity. The experiment we included here used a natural grazing intensity gradient defined by the proximity to water sources (Adler et al., 2005). The experiment
included three levels of grazing intensity, high, low,
and no grazing located at 500 m, 1000 m, and inside an
exclosure (no livestock). Here, we used forage consumption as an indicator of grazing intensity (Table 1).
We considered the exclosure as the control level
because of the low grazing history of Patagonia (Adler
et al., 2005). Three independent and permanent water
sources were used in the study site and exclosures
older than 20 years. For each grazing intensity level,
forage consumption was evaluated in 100-m2 plots as
© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 503–511

the difference of production in temporally ungrazed
plots minus grazed. ANPP was estimated by direct harvesting within the plots. For further details, see Adler
et al. (2005).

Response and manipulative ratios
We estimated the response ratio as the natural logarithm of the ratio between ANPP of the manipulated
level and its control (lnRR) (Hedges et al., 1999). Similarly, the manipulative ratio (lnMR) was estimated as
the natural logarithm of the ratio between the manipulated level and its control (Table 1). The lnMR and
lnRR indexes are set under the same logic that is to
use the value for the control treatment as the reference. The lnRR calculates the response of ANPP
under a treatment relative to ANPP under ambient
conditions. The lnMR evaluates the intensity and
direction of the treatment (e.g., reduced precipitation)
relative to ambient conditions (e.g., ambient precipitation). The use of lnMR and lnRR allowed us to compare changes in ANPP among different experimental
studies in a unit-less scale and in a common framework that considered the intensity and direction of
the manipulation relative to a control treatment. To
estimate the ranking of responses to drivers, we compared the mean absolute change in lnRR among drivers. We used the absolute change to avoid
confounding differences in lnRR sign as a result of
reducing or increasing ambient levels, with difference
in response as a result of the sensitivity of ANPP to
the driver. Specifically, for each driver, we averaged
the module of lnRR across manipulated levels and
estimated its variance as the sum of the variance of
lnRR for each manipulated level. Finally, differences
among lnRR were tested using the Tukey–Kramer
test. For each driver, the variance of lnRR for the
manipulated level-i was calculated as the sum of two
terms: (i) ANPP variance-i divided by ANPP mean-i
and sample size-i and (ii) the same ratio for the
control (Eqn 1) (Hedges et al., 1999).
varlnRRi ¼ ðvarANPPi =meanANPPi ni Þ
þ ðvarANPPcontrol =meanANPPcontrol ncontrol Þ
ðEqn 1Þ

Natural variability of global-change drivers
To estimate the natural variability of the drivers, we
used the coefficient of variation (CV) that compares
variability independently of mean values. Mean and
standard deviation for annual precipitation and temperature were obtained from data from an automated
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meteorological station during 1984–2005 adjacent to the
experimental site. Mean and standard deviation for
plant-species richness were obtained from 24 1-m2 plots
reported in Adler et al. (2005). Adler et al. (2005) calculated forage consumption based on stocking rates and
reported a range for forage consumption that we
assumed represented a 95% confident interval. Nitrogen CV was estimated for the sum of soil nitrate and
ammonium availability for the top 5 cm using 10 replicates (Yahdjian et al., 2006). We performed six pairwise
t-test with a’ = 0.008 to keep a global error level of
a = 0.05. Climate data for Cedar Creek were available
from meteorological station for the period 1963–2011
(www.lter.edu).

Ranking of responses to drivers
The ranking of responses to global-change drivers
among the studies from the Patagonian steppe was as
follows: biodiversity > grazing> precipitation> nitrogen
(Fig. 1). Biodiversity change was the driver that exerted
the largest effect on ANPP, followed by grazing,
precipitation, N deposition, and temperature (Fig. 1).
Statistical analysis (a = 0.05) shows that biodiversity
has a larger lnRR than grazing, and grazing than
precipitation, N and temperature although the latter
three were not different. For a similar reduction of the
driver (lnMR2 species = 1.10; lnMRhigh grazing = 0.81;
lnMR80% precipitation = 1.25), the effect on ANPP for

Fig. 1 Relative effect of global-change drivers on aboveground
net primary production (ANPP) in the Patagonian steppe. The
intensity of the manipulation was calculated as the natural logarithm of the ratio between the manipulated level and its control
(lnMR). The ANPP response under manipulated level conditions and its control was calculated as the natural logarithm of
the ratio between ANPP under manipulated conditions and
control (lnRR). The inset shows the mean of the absolute lnRR
for biodiversity change (BD), grazing intensity (GRZ), precipitation (PPT), N fertilization (N), and temperature (T). Different
letters indicate statistical differences (t-test; a0 = 0.005).

biodiversity was 1.5 and 3.6 times higher than for
grazing intensity and precipitation (lnRR2 species =
0.65; lnRRhigh grazing = 0.44; lnRR80% precipitation =
0.18). Comparing similar intensities of driver changes
but with opposite direction (lnMR1 species = 1.79;
lnMR+5gN = 2.10), the effect of biodiversity reductions
on ANPP was 4.0 times higher than that of N addition
(lnRR1 species = 0.70; lnRR+5gN = 0.18). Nitrogen was
the driver most intensely manipulated in the selected
studies; however, its effect was relatively low (Fig. 1).
The intensity of reducing species richness from six to
one would be comparable to an 84% reduction in
annual precipitation with a probability of occurrence of
0.02% for this site (based on meteorological data). The
increased temperature had a negligible effect on ANPP
(lnRR+T = 0.07), but experimental change in temperature was the smallest (lnMR+T = 0.13), representing
only 7.3% above ambient condition.

Saturating responses
Our interpretation of the ranking of responses to global-change drivers is based on the two hypotheses
described above. The saturating response of ecosystem
processes to some drivers explains, in our case, why
ANPP responses to reduction in biodiversity and precipitation had a larger effect than increases in nitrogen.
As a consequence, drivers that experienced a reduction
relative to the ambient condition had higher chance to
produce an effect on ANPP, while the driver that experienced an increment relative to the ambient condition
had lower chance to have an effect. Experiments assessing the effect of biodiversity change on ANPP usually
compare control conditions vs. treatments with lower
number of species (Flombaum & Sala, 2008; Hooper
et al., 2012; Tilman et al., 2012). In the Patagonian
steppe, biodiversity loss was simulated by reducing
from six to one plant-species richness. This large
manipulative reduction was accompanied by a large
decrease in ANPP (Flombaum & Sala, 2008). On the
contrary, change in N availability was simulated by a
fertilization experiment, where ambient condition was
increased 8.1 times (Yahdjian et al., 2014). Even if the
manipulation of plant-species richness and fertilization
had been similar in intensity, the effect of N addition
on ANPP was much lower than that of loss of biodiversity (Fig. 1).
Biodiversity loss also had a higher effect than N addition in a N-limited grassland, the Cedar Creek experimental site, USA (Tilman et al., 2012). Biodiversity
reduction from 16 to one plant species was similar in
treatment intensity as adding 95 kg N ha1 yr1
(lnMR1 species = 2.77; lnMR+95 kg N = 2.82); however,
the effect of plant-species richness on ANPP was 1.76
© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 503–511
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higher than N fertilization (lnRR1 species = 0.95;
lnRR+95 kg N = 0.54; Fig. S1) (Tilman et al., 2012). Patagonia and Cedar Creek presented lower effects on ANPP
by increasing than reducing levels of the global-change
drivers, biodiversity, N, and precipitation (Table 2). In
both ecosystems, the average intensities of addition and
subtraction were similar, but the effects on ANPP were
nearly half for experimental increases than reductions
of ambient conditions (Table 2). Together, these results
suggest that biodiversity may have larger effect on
ANPP than other drivers in part because the reduction
of species reflected the steep portion of the saturating
curve to ANPP (Tilman et al., 1996; Hector et al., 1999;
Flombaum & Sala, 2008).

Natural variability
Ecosystem responses to the different drivers may be the
result of differences in the natural variability of each
environmental factor. The ranking of variability of global-change drivers in the Patagonian steppe is precipitation > grazing > temperature > biodiversity >
nitrogen (Fig. 2). The CV for mean annual precipitation
was 1.3 and 2.3 times higher than for sheep forage consumption and plant-species richness (CVprecipitation =
25%; CVgrazing = 17.9%; CVbiodiversity = 10.6%; Fig. 2).
Among drivers that were subjected to experimental
reductions (biodiversity, grazing, and precipitation),
precipitation had the highest natural variability and
showed the lowest ecological sensitivity (i.e., the higher
CV and the lower lnRR). On the contrary, biodiversity
was the driver with lowest natural variability and the
one that had the highest ecological sensitivity (Figs 1.
and 2). Grazing intensity was intermediate in both
aspects. Among the drivers that were subjected to additions, N had low CV and low lnRR suggesting that the
saturating response can be much important than the
response to natural variability.
In the Patagonian steppe, most grasses and all shrubs
are perennial and long-lived conferring low temporal

and spatial variability to species richness (Aguiar &
Sala, 1994, 1999). The low natural variability of plantspecies composition could be the result of the low
number of redundant species suggested by the highly
differentiated use of resources in space and time (Sala
et al., 1989; Flombaum & Sala, 2012); and consequently,
the loss of species left unused resources with a significant reduction in ANPP (Flombaum & Sala, 2008). In
contrast, annual precipitation in the Patagonian steppe
is highly variable with a coefficient of variation of 25%
based on 20 years of data. Plant species are adapted to
scarce and variable water resources, and, as a result,
ANPP was buffered to changes in precipitation (Yahdjian & Sala, 2006). The species adaptation to variable
water availability resulted in a lower than expected
effect of dry and wet years on ANPP (Yahdjian & Sala,
2006; Sala et al., 2012).
A prediction of this hypothesis is that the sensitivity
of ecosystems to precipitation change increases with
decreasing long-term natural variability, which in turn
tend to increase with mean annual precipitation
(Knapp et al., 2015). Therefore, we expect mesic grasslands like Cedar Creek to be more sensitive to changes
in precipitation than an arid ecosystem like the Patagonian steppe. In fact, in Cedar Creek, an extreme
drought that reduced average precipitation by 50% had
a larger effect than a reduction of biodiversity of the
same magnitude (Tilman et al., 2012). In contrast, in the
Patagonian steppe where precipitation variability is
naturally large, a similar 50% reduction for these same
drivers showed a larger effect of biodiversity than
drought on ANPP (Fig. S1).

Conclusions
The saturating hypothesis highlights the necessity to
consider the intensity and direction of manipulation
when comparing multiple drivers. This hypothesis can
potentially account for an unrecognized source of variation when trying to identify which driver exerts the

Table 2 Effect on ANPP of increased vs. reduced environmental conditions relative to ambient. Pooled experiments for the Patagonian steppe (Argentina) and Cedar Creek (MN, USA, Tilman et al., 2012). For similar manipulation ratios, the response ratio when
the driver was reduced was almost double of the response ratio for increased values for both study sites. Values represent mean 
1 SE.

Study site
Patagonia
Cedar Creek

Changes from
ambient condition
Increased
Reduced
Increased
Reduced

Driver
N deposition, temperature, precipitation
Biodiversity, precipitation, grazing intensity
N deposition, temperature, CO2
concentration, precipitation
Biodiversity, precipitation
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Manipulative ratio
(lnMR)

Response ratio
(lnRR)

0.80  1.13
0.82  0.53
1.57  1.11

0.16  0.04
0.35  0.24
0.35  0.15

1.73  0.89

0.60  0.24
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global-change drivers and ecosystem sensitivity to
each driver (Sala et al., 2015). Therefore, predictions
about the future of ecosystems and their ability to
provide goods and services depend on our understanding of both sensitivity and rate of change. The
former is the domain of ecological disciplines, while
the latter falls in the territory of atmospheric and
social sciences. Results of this article contribute
directly to addressing the ecosystem sensitivity to
global-change drivers.
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aspect will allow for testing of this hypothesis.
The impact of global change on ecosystem
functioning results from the rate of change in

We would like to thank Cedar Creek Long Term Ecological
Research for providing climatic data and G.A Gil for guidance.
Financial support for this work was provided by UBACYT
20020150200261BA (PF), National Research Council of Argentina PIP 555/12 (LY), National Agency of Science and Technology PICT 2014-3026 (LY) PICT-2014-0887 (PF), National
Research Council of France (AO2015-876370) (PF), and US
National Science Foundation DEB-1235828 (OES).

References
Aber JD, Nadelhoffer KJ, Steudler P, Melillo JM (1989) Nitrogen saturation in northern forest ecosystems. BioScience, 39, 378–386.
Adler PB, Milchunas DG, Sala OE, Burke IC, Lauenroth WK (2005) Plant traits and
ecosystem grazing effects: comparison of U.S. Sagebrush steppe and Patagonian
steppe. Ecological Applications, 15, 774–792.
Aguiar MR, Sala OE (1994) Competition, facilitation, seed distribution and the origin
of patches in a Patagonian steppe. Oikos, 70, 26–34.
Aguiar MR, Sala OE (1999) Patch structure, dynamics and implications for the functioning of arid ecosystems. Trends in Ecology and Evolution, 14, 273–277.
Arnqvist G, Wooster D (1995) Meta-analysis: synthesizing research findings in ecology and evolution. Trends in Ecology and Evolution, 10, 236–240.
Boyero L, Cardinale BJ, Bastian M, Pearson RG (2014) Biotic vs. abiotic control of
decomposition: a comparison of the effects of simulated extinctions and changes
in temperature. PLoS ONE, 9, e87426.
Briggs J, Nellis M, Turner C, Henebry G, Su H (1998) A landscape perspective of patterns and processes in tallgrass prairie. Grassland dynamics: Long-term ecological
research in Tallgrass Prairie, 265–279.
Chesson P, Gebauer RL, Schwinning S et al. (2004) Resource pulses, species interactions, and diversity maintenance in arid and semi-arid environments. Oecologia,
141, 236–253.
Chung H, Zak DR, Reich PB, Ellsworth DS (2007) Plant species richness, elevated
CO2, and atmospheric nitrogen deposition alter soil microbial community composition and function. Global Change Biology, 13, 980–989.
Crain CM, Kroeker K, Halpern BS (2008) Interactive and cumulative effects of multiple human stressors in marine systems. Ecology Letters, 11, 1304–1315.
Flombaum P, Sala OE (2007) A non-destructive and rapid method to estimate biomass and aboveground net primary production in arid environments. Journal of
Arid Environments, 69, 352–358.
Flombaum P, Sala OE (2008) Higher effect of plant species diversity on productivity
in natural than artificial ecosystems. Proceedings of the National Academy of Sciences
of the United States of America, 105, 6087–6090.
Flombaum P, Sala OE (2012) Effects of plant species traits on ecosystem processes:
experiments in the Patagonian steppe. Ecology, 93, 227–234.
Fraser LH, Henry HA, Carlyle CN et al. (2012) Coordinated distributed experiments:
an emerging tool for testing global hypotheses in ecology and environmental
science. Frontiers in Ecology and the Environment, 11, 147–155.
Gherardi LA, Sala OE (2015a) Enhanced interannual precipitation variability
increases plant functional diversity that in turn ameliorates negative impact on
productivity. Ecology Letters, 18, 1293–1300.
Gherardi LA, Sala OE (2015b) Enhanced precipitation variability decreases grass- and
increases shrub-productivity. Proceedings of the National Academy of Sciences of the
United States of America, 112, 12735–12740.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 503–511

E C O S Y S T E M R E S P O N S E S T O G L O B A L C H A N G E 511
Golluscio RA, Bottaro HS, Oesterheld M (2015) Controls of carrying capacity: degradation, primary production, and forage quality effects in a Patagonian steppe. Ran-

Sala OE, Gherardi L, Peters DPC (2015) Enhanced precipitation variability effects on
water losses and ecosystem functioning: differential response of arid and mesic

geland Ecology and Management, 68, 266–275.
Hartmann D, Klein TA, Rusticucci M et al. (2013) Observations: atmosphere and surface. In: Climate Change 2013: The Physical Science Basis (eds Stocker TF, Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM),
pp. 159–254. Cambridge University Press, Cambridge.
Hautier Y, Tilman D, Isbell F, Seabloom EW, Borer ET, Reich PB (2015) Anthropogenic environmental changes affect ecosystem stability via biodiversity. Science,

regions. Climatic Change, 131, 213–227.
Scheffer M, Barrett S, Carpenter S et al. (2015) Creating a safe operating space for iconic ecosystems. Science, 347, 1317–1319.
Seddon AWR, Macias-Fauria M, Long PR, Benz D, Willis KJ (2016) Sensitivity of global terrestrial ecosystems to climate variability. Nature, 531, 229–232.
Shaw MR, Zavaleta ES, Chiariello NR, Cleland EE, Mooney HA, Field CB (2002)
Grassland responses to global environmental changes suppressed by elevated

348, 336–340.
Hector A, Schmid B, Beierkuhnlein C et al. (1999) Plant diversity and productivity
experiments in European grasslands. Science, 286, 1123–1127.
Hedges LV, Gurevitch J, Curtis PS (1999) The meta-analysis of response ratios in
experimental ecology. Ecology, 80, 1150–1156.
Heisler-White JL, Blair JM, Kelly EF, Harmoney K, Knapp AK (2009) Contingent pro-

CO2. Science, 298, 1987–1990.
Steffen W, Richardson K, Rockstr€
om J et al. (2015) Planetary boundaries: guiding
human development on a changing planet. Science, 347, 1259855.
Tilman D, Wedin D, Knops J (1996) Productivity and sustainability influenced by biodiversity in grassland ecosystems. Nature, 379, 718–720.
Tilman D, Lehman C, Thomson K (1997) Plant diversity and ecosystem productivity:

ductivity responses to more extreme rainfall regimes across a grassland biome.
Global Change Biology, 15, 2894–2904.
Henry G, Molau U (1997) Tundra plants and climate change: the International Tundra
Experiment (ITEX). Global Change Biology, 3, 1–9.
Hooper DU, Adair EC, Cardinale BJ et al. (2012) A global synthesis reveals biodiversity loss as a major driver of ecosystem change. Nature, 486, 105–108.
Huxman TE, Smith MD, Fay PA et al. (2004) Convergence across biomes to a common

theoretical considerations. Proceedings of the National Academy of Sciences of the United States of America, 94, 1857–1861.
Tilman D, Reich PB, Isbell F (2012) Biodiversity impacts ecosystem productivity as
much as resources, disturbance, or herbivory. Proceedings of the National Academy of
Sciences of the United States of America, 109, 10394–10397.
Wilsey BJ, Teaschner TB, Daneshgar PP, Isbell FI, Polley HW (2009) Biodiversity
maintenance mechanisms differ between native and novel exotic-dominated com-

rain-use efficiency. Nature, 429, 651–654.
Isbell F, Craven D, Connolly J et al. (2015) Biodiversity increases the resistance of
ecosystem productivity to climate extremes. Nature, 526, 574–577.
Jobbagy EG, Sala OE (2000) Control of grass and shrub aboveground production in
the Patagonian steppe. Ecological Applications, 10, 541–549.
Knapp AK, Hoover DL, Wilcox KR et al. (2015) Characterizing differences in precipi-

munities. Ecology Letters, 12, 432–442.
Wu Z, Dijkstra P, Koch GW, Pe~
nuelas J, Hungate BA (2011) Responses of terrestrial
ecosystems to temperature and precipitation change: a meta-analysis of experimental manipulation. Global Change Biology, 17, 927–942.
Yahdjian L, Sala OE (2002) A rainout shelter design for intercepting different amounts
of rainfall. Oecologia, 133, 95–101.

tation regimes of extreme wet and dry years: implications for climate change
experiments. Global Change Biology, 21, 2624–2633.
Milchunas DG, Lauenroth WK (1993) Quantitative effects of grazing on vegetation
and soils over a global range of environments. Ecological Monographs, 63, 327–366.
Reay DS, Dentener F, Smith P, Grace J, Feely RA (2008) Global nitrogen deposition
and carbon sinks. Nature Geoscience, 1, 430–437.
Reich PB, Knops J, Tilman D et al. (2001) Plant diversity enhances ecosystem

Yahdjian L, Sala OE (2006) Vegetation structure constrains primary production
response to water availability in the Patagonian steppe. Ecology, 87, 952–962.
Yahdjian LM, Sala OE, Austin AT (2006) Differential controls of water input on litter
decomposition and nitrogen dynamics in the Patagonian steppe. Ecosystems, 9,
128–141.
Yahdjian L, Gherardi L, Sala OE (2011) Nitrogen limitation in arid-subhumid ecosystems: a meta-analysis of fertilization studies. Journal of Arid Environments, 75, 675–680.

responses to elevated CO2 and nitrogen deposition. Nature, 410, 809–812.
Reichmann LG, Sala OE, Peters DP (2013) Precipitation legacies in desert grassland
primary production occur through previous-year tiller density. Ecology, 94,
435–443.
Reynolds JF, Smith DMS, Lambin EF et al. (2007) Global Desertification: Building a
Science for Dryland Development Science, 11, 847–851.

Yahdjian L, Gherardi L, Sala OE (2014) Grasses have larger response than shrubs to
increased nitrogen availability: a fertilization experiment in the Patagonian steppe.
Journal of Arid Environments, 102, 17–20.

Roset PA (2000) Efectos de la temperatura y la disponibilidad de agua sobre la producci
on y la descomposici
on en la Estepa Patag
onica. Unpublished Master
University of Buenos Aires, Buenos Aires, Argentina, 68 pp.
Sage RF, Kubien S (2007) The temperature response of C3 and C4 photosynthesis.
Plant, Cell and Environment, 30, 1086–1106.
Sala OE, Austin AT (2000) Methods of estimating aboveground net primary productivity. In: Methods in Ecosystem Science (eds Sala OE, Jackson RB, Mooney HA,
Howarth RW), pp. 31–43. Springer-Verlag, New York, Berlin, Heidelberg.
Sala OE, Golluscio RA, Lauenroth WK, Soriano A (1989) Resource partitioning
between shrubs and grasses in the Patagonian steppe. Oecologia, 81, 501–505.
Sala OE, Chapin FS, Armesto JJ et al. (2000) Global biodiversity scenarios for the year
2100. Science, 287, 1770–1774.
Sala OE, Gherardi LA, Reichmann L, Jobbagy E, Peters D (2012) Legacies of precipitation fluctuations on primary production: theory and data synthesis. Philosophical
Transactions of the Royal Society B: Biological Sciences, 367, 3135–3144.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 503–511

Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Figure S1. Relative effect of global-change drivers on aboveground net primary production in the Patagonian steppe
(Argentina) and Cedar Creek (MN, USA).

