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Chapter 6

Synthesis, conclusions and
recommendations

6.1 Introduction
This thesis discusses the global patterns of terrestrial carbon and water fluxes derived from
eddy covariance data. Observations from the Fluxnet database were combined with a simple
photosynthesis and transpiration model. First, the patterns of the European carbon balance
derived from eddy covariance flux observations were summarized. Hereafter, a simple pho-
tosynthesis and transpiration model was used to derive model parameters for all sites within
the Fluxnet data set. The variation in time and space of three model parameters was ex-
plored: the photosynthetic capacity (related to the amount of nitrogen) is represented by the
maximum carboxylation capacity (Vcm), the light use efficiency of the vegetation is repres-
ented by the quantum yield (α) and the marginal water cost of plant carbon gain (λ) is used
to constrain the water use efficiency. The plant functional type classification was validated
by grouping the model parameters for all sites. Upscaling of photosynthesis from the leaf
to the ecosystem-scale with leaf area index (LAI) was validated by estimating the seasonal
parameter variability. Finally, the model parameter λ was related to different water use
efficiency concepts.

6.2 Research synthesis and conclusions

6.2.1 European eddy covariance flux observations
In the United States and Europe, flux measurements have started to form an integral part of
the experimental programs that are based around the multiple constraint approach to close
the carbon balance. Currently, the results of eddy covariance measurements are considered
reliable when they meet the standards of Carboeurope or Fluxnet minimum requirements.
These requirements that have been developed in the past decades contain necessary correc-
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tions on the measurements and gap filling strategies.
Flux towers provide a consistent picture of the controls on NEE at local scale and have

improved our process understanding tremendously. Their strength is in the combined use
as a network or in a multiple constrains approach. The value of the current Fluxnet data
for global carbon cycle modelling is in evaluating process representations. Eddy covariance
networks have substantially improved our understanding of biosphere-atmosphere exchange
of carbon, water and energy.

Additionally, flux towers play a role of importance in measurement programs, because
they provide data for model validation and comparison as well as vulnerability analysis.
Various methods have been developed for the separation of main flux components as well
as for the calculating nighttime fluxes, although this last topic is still not fully solved. Es-
pecially in mountainous areas and in areas with strong advection more effort should be put
in interpreting the nighttime data.

Magnitude and variation of fluxes is well described for a large part of Europe. However,
improvements can be made on the representativity of the network design (land use types
and geographical spread) as well as descriptions of land use history of the sites. The main
paradox of the current network is that it will never be feasible to sample adequately the
full variation in the climate, land history and management matrix, but that the design of a
minimum size of the network is also not immediately obvious.

The average seasonal cycle of GPP and Re within Europe shows clear trends. For
instance, largest variation is seen for GPP driving the variation in NEE and the length
of the growing season increases when comparing northern and southern European forests.
When the average annual fluxes are related to latitude the patterns are not obvious. A
reason for this is that these annual fluxes comprise different processes and time scales. As
a consequence it is not straightforward to linearly relate environmental variables to these
annual fluxes, and when relationships are found these cannot provide direct insight in the
underlying processes. To get around these difficulties a model is used in this thesis. Instead
of the observed fluxes the model parameters will be compared between sites.

The main conclusions of Chapter 2 are:

• Eddy covariance flux measurements have improved understanding of biosphere at-
mosphere exchange of carbon, water and energy.

• The value of the Fluxnet network is the possibility to evaluate process representations
in global carbon cycle modelling.

• Magnitude and variation of fluxes in Europe is well described for a large part of
Europe.

• Improvements can be made in the representativity of the network and in the descrip-
tion of the land use history of the sites.



6.2 Research synthesis and conclusions 95

6.2.2 Variability in a photosynthesis model within and between PFTs
The vegetation component in climate models has advanced since the late 1960s from a
uniform prescription of surface parameters to plant functional types (PFTs). PFTs are used
in global land-surface models to provide parameter values for every model grid cell. With
a simple photosynthesis model parameters were derived for all site years within the Fluxnet
eddy covariance data set. The parameters were compared within and between PFTs and
statistically grouped. Fluxnet data was used to validate the photosynthesis model parameter
variation within a PFT classification.

The model is capable of simulating the diurnal and seasonal variation of photosynthesis
and transpiration fluxes for a large range of sites with different vegetation types and cli-
mates. For this no additional site information is needed besides the eddy covariance fluxes,
meteorological data and seasonal LAI , the simplified approach allowing us to apply the
model at all sites.

The choice of a parameter classification has a large impact on the quality of the simu-
lated photosynthesis and transpiration fluxes. When more general parameters are used, the
quality of the fluxes decreases. The diurnal and seasonal cycles and annual average fluxes
are over- or underestimated. Simulated fluxes are of higher quality when model paramet-
ers of individual sites or site years are used. A simplification with less variation in model
parameters results in poorer simulations. This indicates that a PFT classification introduces
uncertainty in the variation of the photosynthesis and transpiration fluxes. The major res-
ult is that model parameters appear more variable than assumed in PFTs. A simple PFT
classification does not reflect the real photosynthesis and transpiration variation.

Statistically derived groups of sites with comparable model parameters do not share
common vegetation types or climates. The derived groups could not be related to vegetation
type or climate region. Although site year parameters produce the best results, this generates
a different problem. The parameters are too specific to be used in a global study, but they can
be used to explore the possibilities of an alternative classification scheme. The question as
to whether it is possible to classify sites, or if a more fine scaled methodology with gradual
transitions is needed is still open.

The main conclusions of Chapter 3 are:

• The model is capable of simulating the diurnal and seasonal variation of photosyn-
thesis and transpiration fluxes for a large range of sites with different vegetation types
and climates.

• Model parameters appear more variable than assumed in plant functional types.

• Simulated fluxes are of higher quality when model parameters of individual sites or
site years are used.

• The site year parameters can be further used to explore the possibilities of alternative
classification schemes.
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6.2.3 Seasonal photosynthetic model parameters
Global vegetation models require the photosynthetic parameters, maximum carboxylation
capacity (Vcm) and quantum yield (α) to parameterize their plant functional types (PFTs).
The question is how much the scaling of the parameters from leaf to ecosystem level through
a seasonally varying leaf area index (LAI) explains the parameter variation within and
between PFTs.

Seasonal bulk parameters Vcm,B and αe,B were derived from eddy-covariance flux ob-
servations, and used to parameterize a phenological sub-model to simulate LAIF . The
seasonal variation of LAIF was compared with MODIS LAIM , with as main difference
between the datasets the start of the growing season. There are also discrepancies when
LAIF reach zero levels and LAIM still provides a small positive value. Temperature is
found to be the most common constraint for LAIF in 55% of the simulations, while global
radiation and vapour pressure deficit are the key constraints for 18% and 27% of the simula-
tions respectively, while large differences in this forcing still exist when looking at specific
PFTs. Despite these differences, the annual photosynthesis simulations are comparable
when using LAIF or LAIM (r2 = 0.89).

The variation of leaf-scale parameters vcm,25 and α was coupled to vegetation type
and climate as in a PFT classification. When taking into account seasonal variation of
ecosystem-scale parameters, variation between PFTs is better understood. For example sea-
sonal variation of ecosystem-scale Vcm of cold, temperate and warm evergreen needleleaf
forests shows a clear pattern of increasing growing season length and maximum values,
while patterns of leaf-scale parameters between these PFTs are not obvious. Differences
between the parameters and fluxes when using LAIF or LAIM were very small, which
indicated that the use of Fluxnet and MODIS data sets result in a similar variation of LAI .

The seasonal variation of ecosystem-scale parameters derived with LAIF was further
investigated. Vcm has the largest seasonal variation. This holds for all vegetation types
and climates. The parameter α is less variable. By including ecosystem-scale parameter
seasonality considerable part of the ecosystem-scale parameter variation between PFTs can
be explained. But upscaling with both LAIF and LAIM is not sufficient to explain the
seasonal variation of Vcm and αe. Seasonal leaf-scale parameter variations should also be
incorporated. This remaining unexplained leaf-scale PFT variation still needs further work,
including elucidating the precise role of leaf and soil level nitrogen.

The main conclusions of Chapter 4 are:

• Fluxnet eddy covariance and meteorological observations were used to simulate a
seasonal LAIF comparable to MODIS LAIM .

• By including ecosystem-scale parameter seasonality considerable part of the para-
meter variation between PFTs can be explained.

• Upscaling with LAI is not sufficient to explain the seasonal variation of ecosystem-
scale photosynthetic model parameters, seasonal leaf-scale parameter variations should
also be incorporated.
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6.2.4 Definitions of ecosystem scale water use efficiency
The carbon and water cycle are connected through stomatal conductance of terrestrial plants.
In this study three definitions were compared to increase the understanding of water use
efficiency variability. Water use efficiency (WUE) can be defined as the ratio of transpira-
tion and photosynthesis, and the inherent water use efficiency (IWUE) by also taking into
account the vapour pressure deficit. In addition the optimality hypothesis states that pho-
tosynthesis is optimally balanced with the available 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 dif-
ferent water use efficiency definitions were compared and related to climate, vegetation and
soil type.

The results revealed a consistent linear relation between λ and IWUE at the seasonal
time scale. This relation is independent of vegetation and soil type, but the slope is a func-
tion of vapour pressure deficit. Surprisingly no relations between water use efficiency and
water availability or leaf area index were observed at both the annual and monthly time
scales. 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 details descriptions of soil properties for each site.

The results suggest that stomatal conductance is predictable and appears to be a func-
tion of only photosynthesis and vapour pressure deficit on the decadal time scale of the
Fluxnet observations. The linear relation between λ and IWUE indicates that the optim-
ality 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.

The main conclusions of Chapter 5 are:

• Water use efficiency can be predicted from photosynthesis and vapour pressure deficit
at the decadal time scale of Fluxnet observations.

• The model parameter λ and the inherent water use efficiency (IWUE) are linearly
related on both the seasonal and annual time scale. This suggests that there is a
practical use for the optimality hypothesis.

• No relations between water use efficiency and water availability were observed.

6.3 Research perspectives and recommendations

6.3.1 Representing vegetation with plant functional types
The terrestrial carbon and water balance and their coupling with climate are key processes
in the understanding of the global climate system and are represented in global land surface
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models with classifications based on vegetation type and climate. The model parameters are
assigned according to the presence of plant functional types (PFTs). This classification with
abrupt changes contradicts with observed gradual transitions of different leaf traits. With
the Fluxnet data set the variation of model parameters between and within PFTs has been
determined in Chapter 3. They appear to be much more variable than expected.

A logical next step would be to implement these variations in global climate models to
better constrain exchange of water and carbon between the land surface and the atmosphere.
Unfortunately, although it is clear that the parameter variation is larger than in a PFT clas-
sification, it is not yet possible to relate the parameters to any other ecosystem variable.
Further research on these relations is needed. A first attempt to disentangle these relation-
ships is discussed in the following paragraph. Meanwhile, the sensitivity of future climate
predictions related to the PFT classification can be investigated by comparing global climate
simulations using different classifications. An experiment with a model ensemble in which
each member will be parameterized with a slightly different land surface should be able to
identify the main parameters and processes. To stay within the realistic parameter range,
it will be important to identify the members which represent the current climate best. For
this additional observations besides the Fluxnet database will be needed, such as field scale
measurements and remotely sensed fluxes and variables.

6.3.2 Scaling from leaf to ecosystem with leaf area index
Leaf-scale models are used within all global land surface schemes to simulate photosyn-
thesis and transpiration fluxes at the ecosystem scale. Fluxes or model parameters are scaled
with leaf area index (LAI). As a consequence this variable becomes very important within
these models. By combining the photosynthesis and transpiration model with Fluxnet and
MODIS data sets it was concluded in this thesis that LAI explains only part of the seasonal
parameter variation. The quality of fluxes within global land surface schemes could be influ-
enced by this finding. The unexplained seasonal parameter variation needs further research
and should focus on the relation between seasonal leaf-scale photosynthetic parameters and
nitrogen content. As recommended in the previous paragraph, additional observations at the
Fluxnet towers would help this research forward tremendously. Most important variables
are the (seasonal variation) of LAI and leaf nitrogen content. For the comparison of sites
it will be crucial that these observations are performed uniformly at each site, following
comparable protocols as already exist for the eddy covariance observations.

6.3.3 Water use efficiency as a model parameter
Photosynthesis is closely linked to transpiration because they share the same pathways
through the stomata in the leaves. In most models this is represented with an empirically
determined stomatal conductance, related to ambient CO2 concentration, vapour pressure
deficit and the photosynthesis or transpiration flux. This was compared with the optimality
hypothesis, where it is assumed that photosynthesis is maximized for the available amount
of transpiration. The marginal water cost of plant carbon gain (λ) is the ratio of the pho-
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tosynthesis and transpiration flux, and is assumed to be optimal. An interesting result was
that both methods are comparable. λ varies linearly with the inherent water use efficiency
independent of vegetation or soil type.

The Fluxnet data set consists of observations over the last 15 years and therefore it is
not possible to relate water use efficiency to atmospheric CO2 concentration, because the
variation in CO2 concentration is not large over this period. Future predictions show a large
increase in atmospheric CO2 concentration, which will have a large impact on the stomatal
conductance and water use efficiency as can be derived from the model responses. With
perturbed parameter ensembles of global climate models these assumptions can be tested
and the uncertainties can be quantified.

6.3.4 General recommendations and future work
In this thesis eddy covariance observations were used to improve the understanding of sev-
eral aspects of the vegetation representation in global land surface schemes. With the widely
used photosynthesis model of Farquhar and the Fluxnet database the use of PFTs, upscaling
with LAI from leaf to ecosystem scale and the significance of the model parameter λ on
the global scale were evaluated. A logical next step in the continuation of this work will
be to test and improve the results with a global model. It seems to be impossible to find
converging global relations of the model parameters with the Fluxnet dataset, simply be-
cause the length of time of measurements is too short, which could not be overcome by the
replacement of time by space. Model evaluations on longer time scales are needed.

Future work would involve global climate modelling using a coupled global circulation
model for a better validation of the vegetation representation and coupling of the carbon bal-
ance with hydrology. A better understanding of this coupling is essential for improvements
of future predictions of the global climate system. An increase in temperature will initially
result in an increase of respiration and photosynthesis, but over a longer time period it is
likely that vegetation will adapt to the changed environment, which can result in reduced
photosynthesis. Due to an increased temperature, transpiration will initially increase due
to the need for cooling of the vegetation. This alters the amount of soil water, runoff and
precipitation patterns. Important mechanisms that will have large impact on both the car-
bon and water cycle are stomatal conductance and water use efficiency. These concepts are
crucial in a better understanding of the role of vegetation in future climate predictions.


