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Urgent need for a common
metric to make precipitation
manipulation experiments
comparable

Introduction

In recent decades, researchers have increasingly focused attention
on how climatic change will affect ecosystem functioning. Much
of this research has centred on the effects of rising atmospheric
CO2 concentrations and increasing temperatures (e.g. Ainsworth
& Long, 2005; Wu et al., 2011). The consequences of altered
precipitation patterns, by contrast, have received far less atten-
tion. The results of precipitation manipulation experiments were
only recently synthesized for the first time (Wu et al., 2011), and
the conclusions that can be drawn regarding global patterns
remain preliminary. In general, reduced water inputs slow eco-
system processes, while increased rainfall enhances plant
productivity (Wu et al., 2011), but it remains unclear how this
response differs among ecosystems.

When synthesizing water manipulation experiments, firm con-
clusions are not only precluded by the insufficient number of data
points (Wu et al., 2011), but also by the difficulty of defining the
magnitude of the perturbation experienced by the biota (further
coined the ‘actual’ treatment). Unlike in the case of, for example,
elevated CO2, the magnitude of the imposed treatment (e.g.
)20% precipitation vs +300 ppm CO2) does not clearly indicate
the actual treatment. Many factors influence the way an ecosystem
experiences a change in rainfall; of greatest importance to the eco-
system is not the amount of incoming precipitation, but rather the
amount of water that plants have access to. This ‘plant available
water’ strongly depends on factors such as soil texture and rooting
depth (Tolk, 2003), and the latter can show substantial seasonal
and interannual variation (Knapp et al., 2008) and may differ
between treatments. Additionally, runoff water and stem flow can
complicate estimations of the magnitude of an imposed manipula-
tion (Cotrufo et al., 2011), and plants that access groundwater
supplies can complicate interpretations of treatment effects.

If we want to understand why plant responses to altered pre-
cipitation differ among ecosystems, comparisons of effects of
precipitation manipulations must use a more ecologically mean-
ingful metric to describe the actual treatment than merely the
change in precipitation. Without such a relevant ‘common
denominator’, observed differences in ecosystem responses to
altered precipitation may reflect differences not only in ecosystem
properties, but also in the actual treatment.

Potential metrics for quantification of the actual
treatment

A common denominator that properly characterizes the actual
treatment should reflect the drought stress as experienced by the
biota. For plants, the most relevant indicators for drought stress
are probably plant water potential and its derived indices (Myers,
1988; Rambal et al., 2003). Measurements of plant water
potential are, however, labour-intensive and destructive and are
therefore often not suitable for the quantification of the stress
intensity integrated over an entire growing season and for multi-
species systems. More feasible measurements, applicable for the
ecosystem as a whole, are soil water content (SWC) and soil water
potential (SWP). If measured over the entire rooting zone, SWP
reflects the water that plants can extract from the soil (Tolk,
2003), which provides a useful measure for intersite comparisons.
Currently, however, SWP is measured in very few experiments
(Table 1), and we can therefore only focus on indices derived
from the more commonly measured SWC.

A first index that can be calculated if SWC and soil water
retention curves (pF curves) are available for the entire rooting
zone, is total extractable soil water (TEW):

TEW = ðSWC1� SWC1wpÞ � thickness soil layer1

þ ðSWC2� SWC2wpÞ � thickness soil layer2þ . . .

where SWC1 is the soil water content for soil layer 1 and
SWC1wp is the soil water content at wilting point for soil layer 1,
etc. The entire rooting zone should be included in this way. The
wilting point is typically considered to be )1.5 MPa (Tolk,
2003), but is in fact species-specific (Larcher, 2003).

Table 1 Number of experimental sites that provide the indicated data

No. of
experimental
sites

Total 62
Soil water potential 1
SWC measured continuously 26
SWC measured intermittently 36
pF measured 28
pF modelled 22
Rooting depth 30
pF over entire rooting depth 19
SWC over entire rooting depth 4
pF and SWC over entire rooting depth 4
pF and continuous SWC over entire rooting depth 2

SWC, soil water content; pF, information about the soil water retention
curve, with at least an estimate of SWC at field capacity and SWC at
wilting point.
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Clay soils have much higher water-storing capacity than sandy
soils, but plants can extract a given amount of water more easily
from a sandy soil than from a clay soil (White, 2006). Comparison
of TEW could therefore indicate that plants in sandy soils are
more severely stressed (lower TEW) than plants in clay soils, when
in reality the opposite could be true. Moreover, a modelling study
indicated that soil texture is a key factor in explaining differences
in ecosystem responses among experiments (Weng & Luo, 2008).
A useful index that accounts for variability in water-storing capac-
ity is relative extractable water (REW), calculated as:

REW = TEW / TEWmax;

with

TEWmax = ðSWC1fc � SWC1wpÞ � thickness soil layer1

þ ðSWC2fc � SWC2wpÞ � thickness soil layer2þ . . .

where TEWmax is the maximum extractable water over the entire
rooting zone and SWC1fc is the soil water content at field capac-

ity for layer 1, etc. The entire rooting zone should be included in
this way.

Relative extractable water can be useful when comparing, for
example, stomatal conductance measurements across experi-
ments. For ecosystem measures such as annual plant productivity
that reflect differences in water availability over longer periods,
however, intersite comparisons require an indicator of the stress
that plants experienced during the entire period relevant to that
process. Such an indicator should take into account the fact that
soil moisture becomes a limiting factor only when it falls below a
certain threshold. Such indicators can describe the duration of
the stress period and the intensity of the stress. The duration of a
stress period can be calculated as the number of days with REW
lower than a threshold value. Stress intensity (Is) can be com-
puted as in Granier et al. (2007):

Is = sumðmaximum½0; ðTH-REWtÞ=TH�Þ;

where TH is the threshold (e.g. REW = 0.4; Granier et al.,
2007) and REWt is the relative extractable water on day t.

–0.5 0 0.5 1
–0.4

–0.2

0

0.2

0.4

Delta AP

D
el

ta
 A

N
P

P

2007

2006

2009

2009

2006

2007

2006

2007

2009

2010

2009
2010

2009
2010

Chamau
Früebüel
Soyface
Boston

–0.5 0 0.5 1
–0.4

–0.2

0

0.2

0.4

Delta GS precip

D
el

ta
 A

N
P

P

2006

2007

2006

2007

2009

2010

2009
2010

2009
2010

–0.5 0 0.5 1
–0.4

–0.2

0

0.2

0.4

Diff Is all depths 

D
el

ta
 A

N
P

P

2006

2007

2006

2007

2009

2010

2009
2010

2009
2010

–0.5 0 0.5 1
–0.4

–0.2

0

0.2

0.4

Diff Is top soil 

D
el

ta
 A

N
P

P

2006

2007

2006

2007

2009

2010

2009
2010

2009
2010

Fig. 1 Delta (= control treatment ⁄ control) of above-ground plant production (ANPP) vs delta annual precipitation (AP), delta growing season precipitation
(GS precip), difference in stress intensity (Diff Is) for topsoil only and for all available depths for four experimental sites. Note that the latter uses all available
depths but is only part of the rooting zone. As indicated in Table 1, only two experiments measured soil water content in the entire rooting zone. These
experiments could not be included in the figure. Different colours indicate different sites, and multiple symbols per site indicate multiple years and ⁄ or water
treatments. Numbers next to the symbols indicate the year of measurement. For Diff Is, the more positive the x-value, the larger the difference in stress
intensity between treatment and control. Values for Diff Is below 0 indicate that the treatment experienced lower stress intensity than the control (this is
the case for the wetting experiment in Boston). Note that in Früebüel and Boston, ANPP was higher in the treatment plots than in the control plots, which
is reflected by the negative delta ANPP values (for detailed information about the experiments in Früebüel and Chamau, see Gilgen & Buchmann, 2009; for
detailed information about the experiment in Boston, see Hoeppner & Dukes, 2012).
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Both stress duration and stress intensity reflect the actual treat-
ment as experienced by the plants and can therefore be used as a
common metric when comparing responses to altered rainfall in
different experiments. Note that other indices (e.g. the indices
used in the TECO model; Weng & Luo, 2008) can also be calcu-
lated with the indicated data.

Data needed from manipulation experiments

In the best case, SWP for the entire rooting zone is used for
quantification of water availability and intersite comparison.
Indices such as stress intensity can then be computed, without
the need for pF curves to estimate water availability. When
SWP is not available, SWC can be used instead, if SWC inte-
grated over the entire rooting zone and SWC at field capacity
and wilting point, applicable for the entire rooting zone, are
available. Ideally, SWC (or SWP) would be measured continu-
ously, although interpolation can offer a solution when SWC
is measured less frequently. SWC at field capacity and wilting
point are best derived from pF curves of the soil under study,
but, if not available, pF curves may be estimated from soil
texture (e.g. Van Genuchten, 1980). Information on soil
texture is therefore needed as well.

Root distribution also needs to be assessed. For many eco-
systems, maximum rooting depth and root depth distribution
can be estimated via soil cores or minirhizotron analysis (e.g.
Hendricks et al., 2006; this measurement is admittedly much
more difficult to make in ecosystems with deeply rooted species).
Once the rooting depth is determined, several options exist for
nondestructively measuring SWC for the entire rooting zone (at
high temporal frequency), including neutron moisture meters,
time domain reflectometry systems and frequency domain reflec-
tometry (Hignett & Evett, 2008). In some cases, however, plant
roots penetrate the bedrock to extract considerable amounts of
water (Schwinning, 2010), thus complicating the estimation of
plant available water. Soil drying may also disrupt the contact
between soil and sensor, resulting in unreliable measurements.
We therefore recommend that researchers also measure plant
water potential and ⁄ or sap flow to verify the estimated stress
intensities based on SWC. Plant water potential, in particular, is
of great interest because it is also useful for simulation modelling
(Hoff & Rambal, 2003).

Drought quantification in reality

In order to test how different ecosystems respond to altered pre-
cipitation, we contacted site coordinators of all the precipitation
manipulation experiments we were aware of (via networks such
as Carbo-Extreme, CLIMMANI and INTERFACE), asking for
the data needed to quantify the actual treatment, as described ear-
lier, as well as for data related to ecosystem functioning. Data
from 62 experimental sites were gathered (see Supporting Infor-
mation, Table S1). Table 1 shows the data related to soil
moisture that were available for the different experiments. Only
four of the 62 experiments had collected the data needed to
quantify the actual treatment as experienced by the plants,

limiting our ability to compare the effects of altered precipitation
on ecosystem processes across sites.

Using above-ground plant productivity (ANPP) as an example,
we illustrate the need for measurements to quantify actual precip-
itation treatments (Fig. 1). For four experiments that had
sufficient data, we computed the relative effect of precipitation
manipulation on ANPP and plotted this against different indices:
(1) relative difference in annual precipitation between treatment
and control plots; (2) relative difference in growing season pre-
cipitation; (3) difference in stress intensity for topsoil only; and
(4) difference in stress intensity for multiple soil depths. This
analysis demonstrates that both within- and between-site com-
parisons vary with each index that is used; the relative positions
of the different symbols change depending on the index. For
example, according to the calculations based on data for topsoil
only, the difference in stress intensity between treatment and con-
trol was larger in Soyface (both experimental years) than in
Chamau (2006). Similar calculations including deeper soil layers,
however, indicate the opposite. From the topsoil-only calcula-
tions, one would thus conclude that ANPP in Soyface was less
sensitive to decreases in water availability than ANPP in Chamau
(2006). The calculations including multiple soil layers, however,
suggest that the difference in stress intensity in Soyface was minor
compared with Chamau (2006). Note that Fig. 1 is intended
merely to illustrate the problem, and is not for testing responses
of ANPP to precipitation manipulation, because ‘all depths’ indi-
cates only that SWC was measured at multiple depths. These
depths did not cover the entire rooting zone.

Box 1 Two hypothetical examples, illustrating why the change in rain-
fall may not represent the difference in actual treatment experienced
by the plants and is therefore not a reliable index for intersite
comparison of effects of precipitation manipulation.

Example 1
Observation: A similar rainfall reduction reduces plant production in
grasslands more than in shrublands.
Potential reasons:
1. Shrubs have deeper roots and therefore experience less water stress

than grasses.
2. Shrubs are better adapted to drought than are grasses.
3. The grasslands used in this hypothetical study were located on

sandier soils (with low water-holding capacity), while the shrublands
under study were located on loamy soils (with higher water-holding
capacity). Hence, the grasslands experienced more stress than the
shrublands.

4. The grasslands studied were on a steeper slope than the shrublands,
causing a larger fraction of precipitation to run off. In the drier
treatment, the fraction of precipitation lost as runoff increased more
in the grasslands than in the shrublands.

5. All possible combinations of 1, 2, 3, and 4.

Example 2
Observation: Plant production in shrublands and forests responds
similarly to a similar reduction in rainfall.
Potential reasons:
1. The advantage given to forests by having deeper roots is offset by

shrubs being better adapted to drought.
2. The difference in plant available water resulting from a certain

reduction in rainfall varied to such a high degree that differences in
the effect on plant productivity remained undetected.
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Without a common denominator that characterizes the actual
treatment, it is not possible to accurately compare the responses
of ecosystem processes to changes in water availability across dif-
ferent experiments. Differences in ecosystem responses between
experiments imposing the same precipitation manipulation
remain attributable to differences in the actual treatment as well
as to differences in biological factors. Conversely, similar
responses across sites could indicate either similar process
responses and similar changes in water availability, or offsetting
differences in ecosystem process responses and the actual treat-
ment (see also Box 1). Despite these problems, available data
currently dictate that cross-site analyses focus on precipitation
differences. Analyses based on precipitation data are useful in that
they are easily compared with model results. However, because of
the reasons highlighted earlier, it is important to recognize that
extrapolations are highly uncertain. Once the necessary site-level
data are available, synthesis studies can further improve our
mechanistic understanding of ecosystem responses to changes in
water availability. Questions such as ‘Are ecosystems in dryer
regions better adapted to drought?’ can then be answered without
speculation on potential confounding factors, such as rooting
depth and soil texture.
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Supporting Information

Additional supporting information may be found in the online
version of this article.

Table S1 List of experimental sites, their location and a key refer-
ence

Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.
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