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Chapter 5

Definitions of ecosystem water use
efficiency evaluated with Fluxnet eddy
covariance data

Abstract

The carbon and water cycle are connected through stomatal conductance of ter-
restrial plants. In this study three definitions of water use efficiency were compared
to increase the understanding of its variability. Water use efficiency (WUE) can be
defined as the ratio of photosynthesis and transpiration, and the inherent water use ef-
ficiency (IWUE) by also taking into account the vapour pressure deficit. In addition,
the optimality hypothesis states that photosynthesis is optimally balanced with the avail-
able water using λ, the marginal water cost of plant carbon gain. WUE and IWUE
were calculated directly from the observed fluxes of 66 Fluxnet sites. λ is determined
as a model parameter through optimization of a simple photosynthesis model for the
same sites. The annual and monthly values of these three different water use efficiency
definitions were compared and related to climate, vegetation and soil type.

The results revealed a linear relationship between 1/λ and IWUE at the seasonal
time scale, of which the slope is a function of vapour pressure deficit. Surprisingly, no
relationship between water use efficiency and water availability or leaf area index was
observed at either the annual or monthly time scales. The results suggest that water use
efficiency appears to be a function of only photosynthesis and vapour pressure deficit on
the decadal time scale of the Fluxnet observations. The linear relationship between 1/λ
and IWUE suggests that the optimality hypothesis can be accepted as a working the-
ory at the ecosystem scale in which the ratio between photosynthesis and transpiration
follows general rules. This framework can be used to improve the stomatal conductance
parameters in global land surface schemes.

The contents of this chapter has been submitted as "Definitions of ecosystem water use efficiency evaluated
with Fluxnet eddy covariance data" to Water Resources Research.
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5.1 Introduction
Plants play an important role in the global carbon and water cycle, which are partly coupled
because CO2 used for photosynthesis enters the leaf through stomata, while simultaneously
water evaporates from the leaf. In models, the interaction of these fluxes between plants
and the atmosphere are linked by the stomatal conductance (Berry et al., 2010). When
atmospheric CO2 concentration increases, plants reduce stomatal conductance (reducing
transpiration) such that more water remains at the land surface. In addition, the air-to-leaf
vapour pressure gradient controls stomatal conductance, which is identical to vapour pres-
sure deficit (D) when leaves are at air temperature. During drought plants reduce stomatal
conductance in order to conserve water, affecting the CO2 uptake. Soil moisture limitations
can explain a decline in global-scale annual land-evapotranspiration between 1998 and 2008
as derived from an analysis using both models and observations (Jung et al., 2010). When
transpiration decreases this strongly affects precipitation as was already shown by Shukla
and Mintz (1982), who conducted a model experiment with a wet and dry soil world. It has
also been suggested that continental runoff has increased during the 20th century because of
a transpiration reduction due to CO2-induced stomatal closure (Gedney et al., 2006). Future
increases in CO2 concentrations are expected to increase runoff by 6% in 2100 relative to
pre-industrial levels (Betts, 2007).

Stomata respond to short-term perturbations of the leaf water status through changes in
the supply and demand of water by a metabolically mediated response of guard cells to the
local water status (Buckley, 2005). Stomatal conductance can be described as a function
of CO2 and water vapour concentration gradients between the intercellular and ambient
air. An overview of different model formulations is given by Medlyn et al. (2011). The
most frequently used models (Ball et al., 1987; Collatz et al., 1991; Leuning, 1995) are
empirically derived and therefore their parameters have no obvious physical meaning, but
can be related to guard cell parameters (Dewar, 2002). Within global land surface models
these parameters are assumed to be constant for broad classes of plant functional types (e.g.
Sellers et al., 1997; Arora, 2002; Sitch et al., 2003; Krinner et al., 2005; Rayner et al., 2005;
Katul et al., 2010).

Another group of stomatal conductance models are based on the optimality hypothesis
(Cowan and Farquhar, 1977). This hypothesis states that photosynthesis is optimally bal-
anced with the available water using λ, the marginal water cost of plant carbon gain. This
idea was described by Givnish and Vermeij (1976) when trying to explain leaf size variabil-
ity, who stated that ’since plants must pay for photosynthetic gas-exchange capacity with a
concomitant loss of water through transpiration, it might be optimal for a plant to maximize
the ratio of these profits and costs by maximizing water use efficiency, the ratio of photo-
synthesis to transpiration.’ The optimal stomatal conductance model was, for instance, used
by Lloyd et al. (1995, 2002), Lloyd and Farquhar (1994), Arneth et al. (2002, 2006), van der
Tol et al. (2007), Mercado et al. (2009) and Groenendijk et al. (2011b). The optimal and
empirical stomatal conductance models were compared by Lloyd et al. (1995), Schymanski
et al. (2007) and Medlyn et al. (2011), which has resulted in the more frequent use of op-
timal models recently. The main issues with the model are the difficulties of estimating
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the parameters and uncertainties about the timescales on which the parameters are constant
(Medlyn et al., 2011). An advantage of the optimal model is that the λ parameter has a clear
physical meaning which is easily understandable.

In this present study, three definitions of water use efficiency will be used: λ,WUE and
IWUE. There is a clear difference between these three definitions, λ is the marginal water
cost of carbon gain, which is the ratio of the derivatives of transpiration and photosynthesis
with respect to the canopy conductance (Gc), resulting in low values of λ for conservative
water use and higher values of λ for non-conservative water use (Cowan and Farquhar,
1977):

λ =
dET/dGc

dGPP/dGc
(5.1)

where GPP is gross primary production and ET is the evapotranspiration flux. WUE and
IWUE are closely related to λ, but fundamentally different, and defined as:

WUE =
GPP

ET
(5.2)

IWUE =
D ×GPP

ET
(5.3)

where D is the vapour pressure deficit. λ is based on the economic definition of the mar-
ginal cost, which is the total cost (water) divided by the produced quantity (carbon). For a
straightforward comparison of the three definitions 1/λ will be used in the analysis, which
is comparable to the ratio of the fluxes in the other two definitions.

Eddy covariance flux observations (Aubinet et al., 2000) have been used to derive water
use efficiency values for a large range of sites with different vegetation types and climate
(e.g. Reichstein et al., 2002; Ponton et al., 2006; Jassal et al., 2009; Yang et al., 2010;
Brümmer et al., 2011). The first study combining observations from these sites comparing
their WUE values was conducted by Law et al. (2002) and showed that WUE decreased
with an increasing daytime D during the summer growing season for temperate vegetation.
The slope between monthly GPP and ET was similar between vegetation types, except
for the tundra. Beer et al. (2009) used data from 43 Fluxnet sites to compare IWUE
values. The variation of IWUE between sites was partly explained by soil moisture at
field capacity and by the canopy light interception through the influence on GPP . Beer
et al. (2009) stated that WUE is used to quantify the trade-off between GPP and ET as
proposed in the optimality hypothesis of Cowan and Farquhar (1977).

Model studies suggest large changes in the global water balance due to relatively small
changes in stomatal conductance (Gedney et al., 2006; Betts, 2007). However, Berry et al.
(2010) questions the use of an empirical representation of stomatal responses while it is still
unknown whether plants will respond following these empirical parameterizations when the
climate changes. In this study we will use global Fluxnet observations together with sim-
ulated photosynthesis and transpiration fluxes to increase the understanding of global vari-
ations in stomatal responses. Because the water use efficiency can be derived directly from
observations, this approach will be used to explore the global variation and environmental
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responses. The objective of this study is thus to determine the global water use efficiency
variation by comparing three different definitions from observed photosynthesis and tran-
spiration fluxes for 66 Fluxnet sites. WUE and IWUE will be directly derived from the
observations and λ, which is defined as a model parameter will be derived by optimizing
the photosynthesis and transpiration model described in Groenendijk et al. (2011a,b).

5.2 Methods

5.2.1 Model description
The photosynthesis model of Farquhar et al. (1980), which was developed for individual
leaves at a temporal scale of several hours, is used within a large range of global models
(e.g. Sellers et al., 1997; Arora, 2002; Sitch et al., 2003; Krinner et al., 2005; Rayner et al.,
2005). This leaf model is applied at large spatial and temporal scales by upscaling the
leaf-scale maximum carboxylation capacity (Vcm) and quantum yield (α) or the leaf-scale
photosynthesis flux with leaf area index (LAI). A full description of the model used in this
present study can be found in Groenendijk et al. (2011a,b). On the ecosystem scale the basic
equations of this model are:

GPP = Gc(Ca − Ci) (5.4)

ET = 1.6GcD (5.5)

GPP = FGPP (Ci) (5.6)

where Gc is the canopy conductance for CO2, Ca and Ci the atmospheric and internal CO2

concentration, D the vapour pressure deficit and FGPP (Ci) the photosynthesis flux as a
function of Ci. From the above equation it follows that:

ET =
1.6D

Ca − Ci
FGPP (Ci) (5.7)

The relationship between ET and GPP is regulated by Ci. Assuming that Ca and D are
known, all quantities follow if one unknown parameter is given. The problem to solve
is to find the marginal water cost of carbon gain λ defined by Eq. 5.1. This function is a
description of the hypothesis of optimal stomatal behaviour: stomata should act to maximize
carbon gain while minimizing water loss (Givnish and Vermeij, 1976; Cowan, 1977). By
applying the chain rule this can be translated to:

λ =
dET/dCi

dGPP/dCi
(5.8)

FGPP (Ci) is the minimum of carboxylation and Ribulose-1,5-biphosphate (RuBP) regen-
eration minus dark respiration (Farquhar et al., 1980). Eqs. 5.9 and 5.10 now indicate that
λ is only a function of D, GPP and Ci.
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λ = 1.6D

d
dCi

[
FGPP (Ci)

Ca−Ci

]
dFGPP

dCi
(Ci)

(5.9)

λ = 1.6D

(
1

Ca − Ci
+

1

(Ca − Ci)2

[
FGPP

dFGPP /dCi

]
(Ci)

)
(5.10)

5.2.2 Observations and data processing
The Fluxnet database contains meteorological observations and ecosystem fluxes of car-
bon, water and energy measured with the eddy-covariance technique (Aubinet et al., 2000).
All data is processed in a harmonized manner following Baldocchi et al. (2001), Papale
and Valentini (2003), Reichstein et al. (2005), Papale et al. (2006), Moffat et al. (2007)
and Baldocchi (2008). To apply the photosynthesis and transpiration model (Groenendijk
et al., 2011a,b) the following variables are required: net ecosystem exchange (NEE), lat-
ent heat flux (LE), air temperature (Ta), global radiation (Rg), vapour pressure deficit (D),
atmospheric CO2 concentration (Ca), soil water content (θ) and maximum leaf area index
(LAImax). Sites were excluded with data gaps of more than 50% during the growing sea-
son, missing input variables, or less than two years of data. Based on these criteria, 66 sites
were selected from the Fluxnet-LaThuile database of April 2008 (see Table 5.3). These
sites were classified into groups based on climate (cold, temperate, warm), vegetation type
(broadleaf, needleleaf, grass) and soil type (sand, loam, clay).

Within the Fluxnet database, observed NEE is partitioned into gross primary produc-
tion (GPP ) and ecosystem respiration (Re). Re is determined from the temperature de-
pendence of nighttime ecosystem fluxes using the methodology of Reichstein et al. (2005)
and subtracted from NEE to estimate GPP . Simulated latent heat fluxes are compared
with observations to estimate model parameters. It is assumed that during periods with no
precipitation total evaporation equals transpiration, taking into account that the observed
fluxes are a combination of both the tree canopy and understorey. These periods were selec-
ted by excluding data during days with precipitation and three days thereafter. The model
was optimized with non-gap-filled observed data only. For each site the model was optim-
ized for the complete observed time period, for each year and each month, as described in
Groenendijk et al. (2011a,b). When the optimized photosynthetic model parameters were
outside the realistic range, λ was not used in the analysis for this site, year or month. This
occurred for five site values as can be noted from Table 5.3.

LAI is derived from the MODIS database (ORNL DAAC, 2009) for a 7 x 7 km area
centered on each site. The database contains eight-day composite values of LAI with no
clouds and no presence of snow and ice (1 x 1 km resolution). The averages of observations
over the 7 x 7 km areas are calculated, and the eight-day composites are linearly interpolated
and smoothed with a 24-day moving average to determine half-hourly values.

The soil type and fractions of sand, silt and clay observed at most sites are used in
this study (see Table 5.3). These are used in the calculation of the hydraulic head (h), for
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Figure 5.1: Frequency distribution of annual 1/λ, WUE and IWUE for classes of climate (a, b, c),
vegetation (d, e, f) and soil type (g, h, i).

which the soil texture is used to determine the constants (a and n) in the following equation
(Wösten and van Genuchten, 1988):

h =
1

a

(
θ−1/m − 1

)1/n
(5.11)

where θ is the observed soil water content in the top soil and m = 1 − (1/n). h is used
to determine the relative soil water content at field capacity (RSWCfc) for each site. Field
capacity is defined at a hydraulic head of 330 hPa (Reichstein et al., 2002).
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Table 5.1: Average, median and standard deviation of annual 1/λ (g CO2 kg−1 H2O), WUE
(g CO2 kg−1 H2O) and IWUE (g CO2 hPa kg−1 H2O) for site years (n) in classes of climate,
vegetation and soil type.

1/λ WUE IWUE
n avg median stdev avg median stdev avg median stdev

all sites 336 12.38 10.26 12.2 12.67 11.92 6.09 88.79 69.05 225.62

cold 61 9.76 9.09 5.28 11.49 11.71 3.59 71.93 66.92 31.60
temperate 140 15.03 13.33 16.39 14.69 14.02 6.82 75.22 64.24 44.98
warm 132 11.02 9.66 8.42 11.11 10.60 5.59 113.72 73.86 363.74

needleleaf 140 11.50 9.57 8.54 12.94 12.50 5.75 80.62 74.59 38.18
broadleaf 92 13.26 12.69 5.71 13.30 12.59 6.26 129.73 79.14 422.65
grass 49 10.64 7.07 23.37 11.66 11.13 7.59 48.58 43.85 31.31

sand 61 12.49 9.86 8.15 12.34 12.44 3.67 82.62 82.77 30.45
loam 192 13.08 10.76 14.67 13.19 12.31 6.19 97.75 69.06 294.77
clay 53 10.84 8.11 6.46 10.50 9.59 3.92 79.05 56.56 56.68

5.3 Results

5.3.1 Annual water use efficiency related to climate, vegetation and
soil type

To get a first impression of the influence of environmental factors on water use efficiency
the sites were grouped into three classes of climate, vegetation and soil (Table 5.1 and
Figure 5.1). The three different water use efficiency definitions are presented (Eqs. 5.1, 5.2
and 5.3). Cold sites show the lowest values and warm sites the highest values for IWUE,
but the variation of 1/λ and WUE is not related to climate. The frequency distributions of
the vegetation classes show no variation in WUE values, while 1/λ is lower for grassland
and broadleaf forest sites in comparison to the needleleaf forest sites, and IWUE is lower
for grassland in comparison with the forest sites. The distributions of the three water use
efficiency definitions are quite similar for the three soil types, although there is a slight
increase when going from a clay to a sand soil, which is most clear for IWUE.

5.3.2 Seasonal relationship between water use efficiency definitions
Because there is not a large differentiation in annual water use efficiency between climate,
vegetation and soil types monthly values of 1/λ and WUE from six sites are related to
several environmental variables. These sites were selected, because they have long observed
time series and contrasting vegetation and soil types. FR-LBr, FI-Hyy and NL-Loo are
needleleaf forests with sand, loam and sand soils, respectively. IT-Cpz, DK-Sor and DE-
Hai are broadleaf forests with sand, loam and clay soils, respectively.

From Eq. 5.10 it becomes clear that λ in our model is only a function of vapour pressure
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Figure 5.2: Relationship between monthly vapour pressure deficit (D), gross primary production
(GPP ), 1/λ and WUE for six selected sites. The grey points represent monthly values for all sites
and the coloured lines are binned average lines for each individual site.

deficit (D), gross primary production (GPP ) and the internal CO2 concentration (Ci). Ci

is a function of atmospheric CO2 concentration (Ca), which does not show a large variation
between sites and years, because the variation over the last 10 years is too small. Therefore
only the relationships with monthly GPP and D are analysed here.

For the six selected sites, monthly values of 1/λ andWUE are related toD andGPP in
Figure 5.2. 1/λ increases with D, while WUE decreases with D. 1/λ also increases with
GPP , while the response of WUE to GPP varies between sites. The variation of WUE
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Figure 5.3: Monthly 1/λ related to daytime gross primary production times vapour pressure deficit
(GPP ×D) and inherent water use efficiency (IWUE = ET/(GPP ×D)) for six selected sites.
The coloured points are daytime average monthly values and the lines are regression lines for each
site. The colours represent the same sites as in Fig. 5.2

with GPP shows a slight distinction between the needleleaf and broadleaf forests, where
the seasonal development of the photosynthetic apparatus coincides with the seasonal course
of D. Thus, when D increases, GPP of DK-Sor and DE-Hai increases too. In contrast,
GPP of the other sites approaches saturation when D increases further. In this respect, the
broadleaf forest at IT-Cpz responds as the coniferous forests because it is evergreen.

When GPP and D are combined (Figure 5.3a) the relationship with 1/λ is less clear,
but in general 1/λ increases with GPP × D. The relationship is not significant for all
sites, but for NL-Loo, DK-Sor and DE-Hai at p < 0.01 the r2 are 0.50, 0.43 and 0.46,
respectively. Between 1/λ and the inherent water use efficiency (IWUE) a much stronger
correlation is found (Figure 5.3b). All six sites show a significant correlation (p < 0.0001)
with r2 ranging from 0.46 for DE-Hai to 0.87 for NL-Loo.

General patterns for these six example sites are that monthly values of 1/λ increase with
D and GPP , whereas WUE does not show a consistent response. The seasonal difference
between the broadleaf and needleleaf forests is larger than the variation between soil types
of the example sites, especially for the relationship between GPP and WUE. In the next
section these results will be the starting point in understanding the variation of the water use
efficiency between all sites.
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5.3.3 Monthly water use efficiency related to climate, vegetation and
soil type

As the response of 1/λ and WUE is different for the example needleleaf and broadleaf
forests, all Fluxnet sites will be grouped by vegetation type in this section. In addition, the
three soil types are used to group the sites, because the largest variation in Figure 5.1 is seen
between soil types. The response of all sites to monthly D and GPP is similar to that of
the example sites in Figure 5.2 (not shown). The responses for the grasslands need to be
interpreted carefully, because observations ofD above a grassland are more decoupled from
the atmosphere than forests (Beer et al., 2009). There was no clear relationship between D
and 1/λ for the grasslands, while the relationship between D and WUE was similar to that
of the two forest types. There is no difference in variation of 1/λ or WUE with D and
GPP between the different soil types.

The correlation between monthly IWUE and λ is consistent for the example sites (Fig-
ure 5.3). When monthly values of all sites are grouped by vegetation and soil type these
relationships remain consistent and significant (p < 0.001) (Figure 5.4 and Table 5.2). The
strongest relationships are seen for the needleleaf and broadleaf forests on sand soils with
r2 values of 0.66 to 0.71. The needleleaf forests on a loam soil show a slightly weaker
relationship. The slope and intercept of the relationship between IWUE and 1/λ is not
related to the classification of sites. Values from clay sites tend to have a less steep slope,
but this is based on a regression line through much less points. The colours in Figure 5.4
represent three classes, based on D. The patterns in the different panels are similar, with
high values of D represented by points below the regression line and low values of D with
values above the regression line. This strongly indicates that D regulates the relationship
between IWUE and λ. This seems to contradict with the definition of IWUE, which
includes D, but when 1/λ is related to WUE the scatter is larger (not shown). A clear
differentiation between vegetation and soil types cannot be made, the relationship between
monthly IWUE and 1/λ is for all sites regulated by D. The relationship between annual
1/λ and IWUE is not significant for all groups (Table 5.2). This suggests that seasonal
variation must be accounted for when comparing water use efficiency between sites.

5.4 Discussion
Three different water use efficiency definitions were used to evaluate the variability between
66 Fluxnet sites. From rewriting the basic equations of the photosynthesis and transpira-
tion model (Eqs. 5.9 and 5.10) it was found that the main variables influencing the model
parameter λ are photosynthesis (GPP ), vapour pressure deficit (D) and atmospheric CO2

concentration (Ca). In the literature WUE and IWUE are also related to these variables
(e.g., Law et al., 2002; Beer et al., 2009; Yang et al., 2010). The optimal stomatal conduct-
ance model proposed by Medlyn et al. (2011) relates leaf scale stomatal conductance to λ,
GPP , D and Ca. The slope of stomatal conductance against GPP/(Ca

√
D) is linear and

depends on vegetation type. This could be compared with the present global study showing
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Figure 5.4: Linear relationship between monthly inherent water use efficiency (IWUE) and 1/λ for
sites grouped by soil type for needleleaf forests (a, b, c), broadleaf forests (d, e, f) and grasslands (g,
h). Details of the regression lines are presented in Table 5.2.

a linear relationship between IWUE and 1/λ. The slope of this relation however, could
not be confidently related to vegetation type.

Following from the results in this present study we suggest the use of a monthly λ as a
predictable model parameter derived directly from observations, which varies with known
variablesGPP , ET andD. But although the monthly variation of λ is largely explained by
the variation in IWUE there is still a part of the variation that remains unexplained. The
highest correlation coefficients in Table 5.2 are 0.71 for monthly values and 0.74 for annual
values of 1/λ and IWUE.
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Table 5.2: Details of linear relationship between monthly and annual 1/λ and IWUE for years and
months grouped by vegetation and soil type. n is the number of sites or months, the intercept and
slope give the characteristics of the regression lines, r2 is the coefficient of determination and p gives
the significance level.

Monthly values Annual values
n intercept slope r2 p n intercept slope r2 p

needleleaf sand 480 -3.27 0.19 0.66 <0.001 40 2.29 0.17 0.38 0.001
loam 888 -7.89 0.23 0.56 <0.001 74 -3.24 0.22 0.41 <0.001
clay 120 2.00 0.06 0.53 0.01 10 6.74 0.03 0.1 0.68

broadleaf sand 144 -2.07 0.11 0.71 <0.001 12 3.27 0.07 0.31 0.1
loam 672 0.50 0.14 0.52 <0.001 56 9.45 0.05 0.05 0.190
clay 216 4.93 0.11 0.53 <0.001 18 -3 0.26 0.67 0.004

grassland loam 384 -9.74 0.31 0.59 <0.001 32 -34.31 1.12 0.74 <0.001
clay 168 3.11 0.09 0.23 <0.001 14 1.82 0.12 0.19 0.16

Beer et al. (2009) showed that average IWUE was a function of maximum LAI for
herbaceous sites. This could not be reproduced with site, annual or monthly values of 1/λ or
IWUE within this present study (not shown). A seasonal variation in monthly λ andWUE
could be related to monthly LAI for a few sites, but this was incidental and not consistent.
The relationship between annual values and maximum LAI was not found for any group of
sites as presented in Figure 5.1. A possible reason for this is that we used LAI observations
derived from MODIS with a 7 x 7 km pixel that in some cases cannot be strictly correlated
the tower footprint. For instance it was noted that LAI always was below 6 m2 m−2 in our
dataset, while Beer et al. (2009) present values up to 12 m2 m−2. According to Beer et al.
(2009), at the leaf scale the inherent water use efficiency is a conservative variable, which
varies only slightly. But at the ecosystem scale LAI influences IWUE, because LAI
influences the radiation balance, and thus the energy available for transpiration. In addition,
when LAI decreases, a larger fraction of bare soil will be present, which will increase the
uncertainty of the transpiration flux. This implies that values of IWUE at low LAI need
to be used with caution. This relationship needs to be further investigated, preferably with
observed LAI at the sites, and not with MODIS LAI as in this present study. Including
the radiation balance could also be useful to understand the unexplained variation between
IWUE and 1/λ in Figure 5.4.

Water availability is frequently assumed to be the main driver for water use efficiency
(Cowan, 1982; Arneth et al., 2002). When less water is available, or more difficult to access,
the values of λ and WUE are assumed to increase, resulting in a more conservative use of
water. Theoretical work indicates that λ declines as drought progresses (Mäkelä et al., 1996;
van der Tol et al., 2008). The site, annual and monthly values of 1/λ, WUE and IWUE
in this present study were related to the hydraulic head (h), relative soil water content at
field capacity (RSWCfc), soil water content at field capacity (SWCfc) and precipitation.
None of these relationships were found to be significant (not shown). Beer et al. (2009)
reported a linear relation between average site values of IWUE and the RSWCfc. This
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relationship could not be reproduced in the present study. IWUE is even slightly decreas-
ing with RSWCfc (r2 = 0.11 for all sites). Schymanski et al. (2009) parameterized λ as
a function of h, which is a function of soil water content and soil properties. Monthly val-
ues of 1/λ and IWUE slightly increase with h, but the proposed relationship of λ = ahb

is not significant for any of the sites, p values are all above 0.05. No relationships were
observed between average h and annual λ, WUE or IWUE. But it should be noted here
that only the observed soil water content of the top soil layer is used in the present study,
which is likely not a good representation for the water availability. To improve these val-
ues a more standardized representation of the soil description for all Fluxnet sites would be
essential. Medlyn et al. (2011) discussed the relationship between λ and water availabil-
ity, and concluded that although many models incorporated the theoretical relationship with
water availabilty (e.g., Berninger et al., 1996; Kirschbaum, 1999; Tuzet et al., 2003; Op de
Beeck et al., 2010), there are only a few empirical studies where this relationship has been
observed (Misson et al., 2004).

5.5 Conclusions
The objective of this study was to determine the global water use efficiency variability in
the Fluxnet dataset by comparing three different definitions: λ, WUE and IWUE. λ is a
model parameter, which was derived for all Fluxnet sites at a monthly and annual time scale.
WUE and IWUE were independently calculated directly from the observed transpiration
and photosynthesis fluxes. The distribution of the annual values of all three definitions could
not be understood by separation into classes of climate, vegetation or soil type.

This was found to be consistent with the linear relationship found between λ and IWUE
for all the Fluxnet sites used in this study. Monthly values of λ were linearly related to
IWUE similarly for all vegetation and soil types, but the slope of the relationship was
found to be a function of vapour pressure deficit. As in Beer et al. (2009) it was found
that the variation is independent of vegetation type. However, a relationship with water
availability or LAI could not be reproduced for any of the water use efficiency definitions.
This can only be further investigated when soil water content and phenological observations
in the Fluxnet data set are extended to cover longer periods including severe droughts and
more detailed descriptions of soil properties for each site.

The results show that water use efficiency is only a function of photosynthesis and va-
pour pressure deficit on the decadal time scale of the Fluxnet observations. The linear
relationship between λ and IWUE shows that there is a practical use of the optimality
hypothesis (Cowan and Farquhar, 1977). It indicates that this hypothesis can be accepted
as a working theory at the ecosystem scale in which the ratio between photosynthesis and
transpiration follows general rules. This framework can be used to improve the stomatal
conductance parameters in global land surface schemes.
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Table 5.3: Characteristics and water use efficiency of the Fluxnet sites used in this study. 1/λ
(g CO2 kg−1 H2O), WUE (g CO2 kg−1 H2O) and IWUE (g CO2 hPa kg−1 H2O) are presen-
ted as values derived for all years of each site. The site name codes are a composition of country (first
two letters) and site name (last three letters). Clay, sand and silt are percentages.

Site Climate Vegetation Soil clay sand silt 1/λ WUE IWUE Reference

AT-Neu temperate grass loam 6 50 44 16.3 13.7 42.6 Wohlfahrt et al. (2008)
BE-Vie temperate mixed loam 18 27 55 20.0 18.3 76.8 Aubinet et al. (2001)
BR-Ban warm broadleaf sand 10 80 10 8.1 7.4 106.7 Humberto da Rocha
BR-Sp1 warm savanna sand 0 100 0 6.8 6.6 36.8 Santos et al. (2004)
CA-NS3 cold needleleaf clay 79.9 3 17.1 8.1 8.9 33.4 Goulden et al. (2006)
CA-NS4 cold needleleaf - - - - 7.9 7.7 37.1 Goulden et al. (2006)
CA-NS5 cold needleleaf clay 69.4 2.6 28 7.3 8.5 28.5 Goulden et al. (2006)
CA-NS6 cold savanna clay 81.1 3.4 15.5 5.1 6.1 18.4 Goulden et al. (2006)
CH-Oe1 temperate grass clay 43 25 32 9.4 11.4 37.2 Ammann et al. (2007)
CN-HaM cold grass - - - - 3.0 7.5 19.7 Kato et al. (2006)
DE-Hai temperate broadleaf clay 51.7 2.4 45.9 21.4 17.9 84.9 Knohl et al. (2003)
DE-Kli temperate crop clay 44.1 21.7 34.2 15.4 13.0 59.5 Prescher et al. (2010)
DE-Tha temperate needleleaf loam 11.8 17 71.2 21.0 17.4 83.9 Prescher et al. (2010)
DE-Wet temperate needleleaf - - - - 13.8 14.6 54.5 Anthoni et al. (2004)
DK-Lva temperate grass loam 18 45 37 7.7 13.1 55.9 Gilmanov et al. (2007)
DK-Sor temperate broadleaf loam 10 70 20 20.7 15.9 46.2 Pilegaard et al. (2003)
ES-ES1 warm needleleaf loam 0.1 71.7 28.2 6.2 10.1 72.4 Sanz et al. (2004)
ES-ES2 warm crop loam 31.5 21.5 47 14.6 9.0 56.6 Maria Jose Sanz
ES-LMa warm savanna clay 45 55 0 19.9 8.1 127.8 Maria Jose Sanz
ES-VDA temperate grass loam 35 30 35 2.3 6.6 36.1 Gilmanov et al. (2007)
FI-Hyy cold needleleaf loam 6.6 35.5 28.3 10.3 13.5 39.9 Suni et al. (2003b)
FI-Sod cold needleleaf sand 0.5 88.1 6 4.2 9.4 21.6 Suni et al. (2003a)
FR-Fon temperate broadleaf loam 13.6 39.1 47.4 15.2 13.9 76.5 Eric Dufrêne
FR-LBr temperate needleleaf sand 2.9 86.3 10.8 21.0 11.7 82.6 Berbigier et al. (2001)
FR-Lq1 temperate grass loam 26 19 55 13.8 9.7 39.3 Gilmanov et al. (2007)
FR-Lq2 temperate grass loam 26 19 55 13.8 8.7 35.1 Gilmanov et al. (2007)
GF-Guy warm broadleaf loam 34.1 56.3 9.6 11.8 10.5 83.4 Bonal et al. (2008)
HU-Mat temperate grass loam 35 10 55 4.6 7.2 49.0 Pintér et al. (2008)
ID-Pag warm broadleaf peat - - - 13.1 9.8 96.6 Hirano et al. (2007)
IE-Dri temperate grass loam 17 42 41 9.2 16.0 33.0 Peichl et al. (2011)
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Table 5.3: Continued.

Site Climate Vegetation Soil clay sand silt 1/λ WUE IWUE Reference

IT-Amp warm grass clay 56.8 10.7 32.5 1.8 7.0 34.2 Gilmanov et al. (2007)
IT-BCi warm crop loam 40 40 20 25.1 14.1 108.0 Kutsch et al. (2010)
IT-Col warm broadleaf loam 10 65 25 12.5 13.9 67.0 Valentini et al. (1996)
IT-Cpz warm broadleaf sand 5.4 89.6 5 13.8 13.4 110.7 Garbulksy et al. (2008)
IT-Lav temperate needleleaf loam 26.6 29.5 44 13.3 17.1 68.8 Marcolla et al. (2003)
IT-Lec warm broadleaf loam 28 27 45 5.2 6.6 64.3 Chiesi et al. (2011)
IT-LMa temperate broadleaf loam 14.2 6 79.8 13.8 8.9 68.5 Fabio Petrella
IT-Mal temperate grass loam 10 70 20 2.4 11.8 25.1 Gilmanov et al. (2007)
IT-MBo temperate grass loam 21 37 42 4.4 11.1 35.9 Marcolla et al. (2011)
IT-PT1 warm broadleaf loam 9.6 60.4 30 10.2 12.1 53.6 Migliavacca et al. (2009)
IT-Ren temperate needleleaf loam 12 49 39 3.3 8.7 25.7 Montagnani et al. (2009)
IT-Ro1 warm broadleaf loam 32.1 35.6 32.3 14.8 11.4 99.2 Rey et al. (2002)
IT-SRo warm needleleaf sand 4 93 3 8.3 13.9 76.1 Chiesi et al. (2005)
NL-Ca1 temperate grass clay 80 10 10 6.8 10.1 44.2 Jacobs et al. (2007)
NL-Loo temperate needleleaf sand 2 97 1 21.7 14.9 61.7 Dolman et al. (2002)
SE-Nor cold needleleaf loam 5 63 26 10.3 14.4 55.8 Lagergren et al. (2008)
UK-EBu temperate grass loam 21 51 27 23.4 25.2 39.8 Mark Sutton
UK-ESa temperate crop - - - - 10.3 18.1 66.1 John Moncrieff
UK-Gri temperate needleleaf - - - - - 11.4 19.5 Rebmann et al. (2005)
UK-Ham temperate broadleaf - - - - - 22.9 59.2 Mike Broadmeadow
US-Bar cold broadleaf loam 4 74 23 13.3 11.2 22.0 Jenkins et al. (2007)
US-Blo warm needleleaf loam 11 60 29 2.0 5.4 53.3 Misson et al. (2005)
US-Dk2 warm mixed loam 3.3 55.4 41.1 13.2 10.3 67.9 Stoy et al. (2006)
US-Dk3 warm mixed loam 3.3 55.4 41.1 15.2 12.5 82.5 Stoy et al. (2006)
US-KS2 warm savanna sand 5 90 5 7.8 9.0 60.5 Powell et al. (2006)
US-Me1 warm needleleaf loam 10 61 29 - 6.2 37.1 Irvine et al. (2007)
US-Me3 warm needleleaf sand 0 80 20 7.6 11.1 66.1 Vickers et al. (2009)
US-Me4 warm needleleaf loam 10 65 25 - 9.3 79.5 Anthoni et al. (2002)
US-MMS warm broadleaf clay 63 34 3 3.7 9.2 45.8 Schmid et al. (2000)
US-MOz warm broadleaf loam 15 7 70 - 9.5 81.8 Gu et al. (2006)
US-NC2 warm needleleaf peat - - - 12.9 11.0 61.4 Noormets et al. (2010)
US-Syv cold mixed loam 6 57 36 12.8 11.8 61.8 Desai et al. (2005)
US-WCr cold broadleaf loam 7 59 34 10.7 14.3 37.2 Cook et al. (2004)
US-Wi4 cold needleleaf sand 10 80 10 26.3 13.8 93.2 Noormets et al. (2007)
US-Wrc warm needleleaf loam 10 60 30 18.4 13.0 76.5 Falk et al. (2008)
VU-Coc warm broadleaf clay 50 0 50 15.5 13.2 81.7 Roupsard et al. (2006)


