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Abstract: Estimating transpiration as an individual component of canopy evapotranspiration using
a theoretical approach is extremely useful as it eliminates the complexity involved in partitioning
evapotranspiration. A model to predict transpiration based on radiation intercepted at various levels
of canopy leaf area index (LAI) was developed in a controlled environment using a pasture species,
tall fescue (Festuca arundinacea var. Demeter). The canopy was assumed to be a composite of two
indistinct layers defined as sunlit and shaded; the proportion of which was calculated by utilizing
a weighted model (W model). The radiation energy utilized by each layer was calculated from
the PAR at the top of the canopy and the fraction of absorbed photosynthetically active radiation
(fAPAR) corresponding to the LAI of the sunlit and shaded layers. A relationship between LAI
and fAPAR was also established for this specific canopy to aid the calculation of energy intercep-
tion. Canopy conductance was estimated from scaling up of stomatal conductance measured at the
individual leaf level. Other environmental factors that drive transpiration were monitored accord-
ingly for each individual layer. The Penman–Monteith and Jarvis evapotranspiration models were
used as the basis to construct a modified transpiration model suitable for controlled environment
conditions. Specially, constructed self-watering tubs were used to measure actual transpiration
to validate the model output. The model provided good agreement of measured transpiration
(actual transpiration = 0.96 × calculated transpiration, R2 = 0.98; p < 0.001) with the predicted val-
ues. This was particularly so at lower LAIs. Probable reasons for the discrepancy at higher LAI are
explained. Both the predicted and experimental transpiration varied from 0.21 to 0.56 mm h−1 for
the range of available LAIs. The physical proportion of the shaded layer exceeded that of the sunlit
layer near LAI of 3.0, however, the contribution of the sunlit layer to the total transpiration remains
higher throughout the entire growing season.

Keywords: transpiration; modelling; pasture; stomatal conductance; fAPAR; LAI

1. Introduction

Transpiration, the plant component of evapotranspiration, is a key element in the
terrestrial water balance. It is strongly connected to biomass productivity as it occurs
simultaneously with photosynthetic gas exchange [1]. It is primary pathway for water
released to the atmosphere by vegetation and occurs via the stomatal diffusion of water
molecules during the exchange of carbon dioxide [2]. Stomata play a dominant role in
controlling transpiration, and is supported by theoretical studies of gas exchange through
individual pores, for individual leaves, and for entire canopies [3]. There is, however,
debate as to the extent to which stomata control transpiration and the relative influence
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of micrometeorological factors and canopy structure [4,5]. Transpiration at the individual
leaf scale can be made with specialised instrumentation [6]. However, the impact of
controlling variables such as stomatal conductance on transpiration from a composite layer
of canopy can only be achieved through mathematical modelling. Theoretical models
for a variety of plants and crops have been developed that provide an estimation of
evapotranspiration [3,7–9] or transpiration [10–13] from leaf-level stomatal conductance
measurements scaled up to the canopy level. Leaf stomatal conductance, as well as other
environmental factors that control evapotranspiration, are comparatively easy to measure,
however, calculating the resulting canopy conductance requires more complex mechanistic
or empirical approaches [14,15].

A common approach is the so-called “big-leaf” model, where the canopy is considered
as a single leaf and the canopy stomatal conductance is calculated by multiplying the single
leaf stomatal conductance by the leaf area index (LAI). The dual-source model defined
by Shuttleworth and Wallace [11] separately estimates evaporation and transpiration and
can also approximate the interrelation between biophysical and hydrological processes
within the plant canopy. The model forms the foundation for the theoretical estimation
of transpiration, however, because of complexity in parameterization, the model has
typically been used only in a simplified format [16,17]. The model is also prone to over- or
underestimation of the net transpiration, as for the “big-leaf” model, due to the non-linear
stomatal reaction to in situ light which is critically dependent on the assumed LAI value in
the model [18,19].

An alternative weighted “dual-leaf” model was developed for irrigated maize by
dividing the canopy into sunlit and shaded categories and then scaling up stomatal con-
ductance from the components to the canopy level [7]. Predicted canopy conductance
was reported to be in good agreement with the daytime measured values of evapotran-
spiration (slope 1.01, R2 = 0.98) when tested at different crop growth stages. The authors
concluded that the precision of estimating evapotranspiration and soil evaporation us-
ing the “dual-leaf” model was higher than that for the “big-leaf” model and could be
an effective substitute for estimating and partitioning evapotranspiration components.
However, the model performance was only validated against variable solar radiation, but
the impact of variations in canopy coverage or LAI on the magnitude of transpiration was
not investigated. Moreover, a single canopy conductance value was calculated for the
whole canopy and therefore the potential benefits of assuming a “dual-leaf” configuration
was not realized.

A further example of scaling up of stomatal conductance to canopy level for estimating
evapotranspiration in maize was the development of a weighted integration model by
Zhang, et al. [20]. A comparison was made between the modelled and measured values of
canopy conductance, together with evapotranspiration with respect to the diurnal variation
of incident radiation. In that study, two types of models, namely the weighted model
and the weighted integration model, were applied to the Penman–Monteith equation
for scaling up stomatal conductance and for calculating evapotranspiration, respectively.
The estimated canopy conductance and evapotranspiration derived through both models
closely resembled the values measured both by inverting the Penman–Monteith equation
and Eddy Covariance methods. This result is, in itself, surprising. It could be expected
that for an actively growing crop, with no limit of soil moisture, the theoretical value of
stomatal conductance, and consequently the canopy conductance, could well exceed the
saturation limit for the available energy. One would expect, on balance, that the actual
canopy conductance would be considerably higher than that measured by model inversion.
Soil evaporation, which dominates the evapotranspiration at lower LAI, was not included
and this was considered by the authors as the primary reason for the apparent discrepancy
between their modelled and measured values. Considering soil evaporation separately is
important as the soil surface evaporation can change significantly as the soil surface layers
dry [21,22]. At the same time, transpiration can remain unchanged as it is controlled by
available soil moisture at rooting depth [23].
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Whether calculated by the “big-leaf” or “dual-leaf” method, LAI remains the most
significant determinant of canopy conductance [8,20], and it therefore plays an important
role in the estimation of transpiration. It is evident from previous studies that transpiration
is linked to the canopy LAI [24–27].

The tendency of basal crop coefficients to saturate at higher LAI is reflective of a limited
evaporative demand within the canopy [28]. Available energy is the ultimate limiting factor
for total water loss; however, it is useful to understand the contribution of leaves at different
layers within the canopy to the observed nonlinear relationship between canopy LAI and
measured transpiration. It has been found that stomatal conductance, whether directly
measured or theoretically modelled, is higher at the top of the canopy [29]. However, the
single “big-leaf” or “dual-leaf” canopy models for calculating total evapotranspiration
using stomatal conductance do not factor in this vertical variability in stomatal conductance.
Furthermore, it is contended that failure to accommodate this vertical variability explains
the nonlinear behaviour of transpiration with increasing LAI.

The Penman–Monteith equation, considered the standard approach to evapotran-
spiration modelling, incorporates the aerodynamic resistance and the canopy resistance
to calculate evapotranspiration [30]. Jarvis and McNaughton [3] created a similar model
of evapotranspiration by scaling up stomatal conductance from a single pore in a leaf to
the leaf, and then to canopy level. However, this approach does not allow separation of
evaporation from transpiration components, and, with the canopy being treated as a single
layer, does not allow testing of the role of canopy LAI.

There are alternative models that describe the relationship between canopy LAI and
transpiration or basal crop coefficient for pasture and crop canopies in the field and in con-
trolled environments [26,31]. However, these have not incorporated canopy conductance.

To better explore the relationship between canopy transpiration resulting from stom-
atal conductance and LAI variations, it is important to consider the micro-climate within
the canopy as this influences localised evaporative demand. Conducting an experiment in
a controlled environment is therefore particularly helpful so as to allow precise monitoring
and control of the environment. A transpiration model developed under greenhouse
conditions will enable a better understanding of the environmental effects on transpiration,
not only in the greenhouse but also under field conditions.

Different models maybe required for different applications, but the Penman–Monteith
approach that merges the physical processes of energy, mass and heat transfer, remains
at the core of all models and is of use in both greenhouse conditions and in field applica-
tions [32–35].

The aim of this paper is therefore to combine measurements of leaf stomatal conduc-
tance and canopy LAI with bulk measures of plant transpiration to develop a theoretical
model for canopy transpiration based on the Penman–Monteith evapotranspiration model
to improve our understanding of the inter-relationship between these parameters.

2. Constructing a Theoretical Model of Canopy Conductance
2.1. Defining the Model Structure

A pasture canopy can be segmented into two indistinct layers of upper (sunlit) and
lower (shaded) portions (Figure 1).
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Figure 1. Schematic representation of the canopy structure for tall fescue (Festuca arundinacea var.
Demeter) and the relevant parameters. The proportion of each layer can be theoretically calculated in
terms of leaf area index LAI and varies with canopy LAI.

The figure demonstrates the solar zenith angle (θ), the azimuth angle (ϕ) and variable
leaf angles (α), which determines the value of leaf angle distribution parameter (χ) and
canopy extinction coefficient (kb) in Equation (4). Considering each layer of the canopy as
a “big-leaf” in a weighted layer model [8,20] the canopy conductance (gc) for any of the
assumed canopy layers can be written as:

gc = (gs(ad) + gs(ab))× LAI (1)

where:
gs(ab) = abaxial stomatal conductance (m s−1)
gs(ad) = adaxial stomatal conductance (m s−1), and,
LAI = leaf area index of the corresponding canopy layer.

The subscripts, sl and sh, refer to the sunlit and shaded layers, respectively.
The proportion of sunlit and shaded leaves within a canopy is dictated by the LAI and

external illumination parameters, e.g., solar illumination angle. Following Dai et al. [8],
the simplified way to calculate LAI of the sunlit and shaded portions of a canopy can be
given by:

LAIsl =
∫ LAI

0
fsl(x)dx =

1
kb

(
1 − e−kb LAI

)
(2)

LAIsh = LAI − LAIsl (3)

where kb is the direct beam extinction coefficient of the canopy, which can be expressed as:

kb = (∅1 +∅2cosθ)/ cosθ (4)

where ∅1 = 0.5 − 0.633χ − 0.33χ2 and ∅2 = 0.877(1 − 2∅1). For these equations, the
value for the leaf angle distribution parameter, χ, may be taken as 1 (planophile), −1
(erectophile) or 0 (spherical leaf angle) [8]. The extinction coefficient is associated with the
mean projection of unit leaf area on the plane perpendicular to beam direction as described
by Nilson [36].

2.2. Modelling Transpiration

Following the usual derivation of the Penman–Monteith equation [28], and incorporat-
ing the additional refinement of Jarvis and McNaughton [3], the equation for evaporation
from a single, asymmetric leaf (El) can be written as:

El

(
mm hr−1

)
=

∆Rn +
(
ρaCpDGH

)
∆ + GH/GV

/λ (5)

where,
GH and GV are the total conductance for sensible heat and for water vapour, respectively,
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∆ = slope of the saturation vapour pressure curve, (kPa ◦C−1),
Rn = net radiation, (MJ m−2 h−1),
ρa = air density, (kg m−3),
Cp = specific heat of air, (MJ kg−1 ◦C−1),
D = vapour pressure saturation deficit, (kPa) and
λ = latent heat of vaporization of water, (MJ kg−1).

The overall conductance (gc) of the composite canopy can be calculated by combining
the adaxial and abaxial stomatal conductances for both the sunlit and shaded layers. In
this context, the sensible heat conductance, GH, (Equation (5)) can be replaced by the
surface layer aerodynamic conductance (ga), and water vapour conductance, GV, replaced
by (1 + ga/gc) [3]. A ground heat flux term (G) can also be introduced. The overall canopy
evapotranspiration (ETr) can, therefore, be re-written as [28,30]:

ETr

(
mm hr−1

)
=

∆(Rn − G) + 3600 ∗
(
ρaCpDga

)
∆ + γ(1 + ga/gc)

/λ (6)

where, in addition to the terms of Equation (5),
G = ground heat flux, (MJ m−2 h−1),
gc = canopy conductance calculated from stomatal conductance and LAI data, (m s−1) and
ga = aerodynamic conductance, (m s−1).

The value of aerodynamic conductance (ga) can be calculated using the following equa-
tion:

ga (m s−1) =
k2u

ln((z − d)/(hc − d))ln((z − d)/zo)
(7)

where,
k = the Karman constant, (0.40),
u = wind speed at reference height, (m s−1),
z = the reference height, (2 m),
hc = mean crop height, (m),
zo = roughness length of the crop relative to momentum transfer, (m) and
d = zero plane displacement, (m).

Both zo and d are functions of the mean crop height and can be defined as:

d = 0.63hc

zo = 0.13hc

The calculation of aerodynamic conductance in a greenhouse is quite complicated and
for accurate estimation it requires the thermodynamic properties of the canopy surface
and the convection heat and mass loss to be quantified. However, the aerodynamic term
calculated in this way can still produce erroneous results when the Penman–Monteith
equation is used to calculate transpiration [37]. Moreover, given we are dealing with
different layers of the canopy and forced ventilation in the greenhouse, it was assumed that
effective ventilation will surpass the convective heat transfer. We used the conventional
method to estimate aerodynamic conductance so that Equation (6) can be applied separately
to each segment of sunlit and shaded layers.

The amount of energy intercepted by each layer, together with the vapour pressure
deficit and aerodynamic resistance, can be estimated using the proportion of canopy LAI for
each layer. The radiation flux intercepted by a given canopy segment can be calculated as:

Rn = (PAR × 0.00173) f APARLAI (8)

where PAR is the photosynthetically active radiation received by the canopy (mmol m−2 s−1)
at the top of the canopy. The constant 0.00173 is the conversion factor used to convert PAR
into MJ m−2 h−1 (total radiation energy in all wavelengths), assuming that approximately
45% of the total energy in solar radiation is in the range of 400–700 nm [38,39]. For the
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sunlit canopy layer, PARsl is the measured value at top of the canopy, whereas, for the
shaded layer the PARsh value is PARsl minus the amount that was intercepted by the sunlit
portion. The fAPARLAI is the fraction of photosynthetically active radiation absorbed by
the canopy for a particular LAI. In the model, this is broken up into sunlit and shaded com-
ponents of the canopy. By introducing fAPAR, the energy that passes through the canopy
and is intercepted by the soil is excluded from the model and therefore excludes the soil
evaporation component. For each of the sunlit (sl) and shaded (sh) portions, Equation (6)
can be re-written in terms of transpiration, Tr, as:

Tr (sl)

(
mm hr−1

)
=

∆(PARsl∗0.00173) f APARLAI (sl)+3600∗(ρaCpDsl ga (sl))
∆+γ(1+ga (sl)/gc (sl))

/λ (9)

Tr (sh)

(
mm hr−1

)
=

∆(PARsh∗0.00173) f APARLAI (sh)+3600∗(ρaCpDshga (sh))
∆+γ(1+ga (sh)/gc (sh))

/λ (10)

The ground flux (G) component of Equation (6) is omitted from Equations (9) and (10),
as both the upwelling and down-welling energy propagating through the canopy is ac-
counted for in the fAPAR.

3. Materials and Methods
3.1. Establishing and Monitoring the Growing Environment

The experiment was conducted in a controlled environment greenhouse at the Univer-
sity of New England (Australia) from November 2018 to January 2019 (Spring-Summer).
The greenhouse was not heated, but there was a forced ventilation cooling system present
in the greenhouse chamber.

A grass sward was grown in 0.038 m3 self-watering tubs (surface area = 0.02 m2).
Highly permeable peat river sand potting mix (3:1 v/v) was placed as a 1.5 cm thick base
layer to facilitate water infiltration into and out of the soil from the underlying water
reservoir. The tubs were then filled to within 3 cm of the top with a cracking clay soil
(35% clay, bulk density 0.91 g cm−3) (vertosol) sourced from the Laureldale Field Station
(Figure 2).
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Figure 2. Schematic diagram of the plant growth tubs.

The tubs were sown with tall fescue (Festuca arundinacea var. Demeter) seed at a rate
of 60 kg ha−1 (approx. 2000 seedlings m−2) on three sowing dates and with four rates of
urea/triple superphosphate fertilizer (0, 33, 66 and 100 kg N ha−1) to achieve a range of
growth rates and vegetation coverage during the growing season. All treatments were
randomized.

Prior to sowing, the tubs were irrigated to field capacity. Moisture content was
monitored over a period of one week using an MP306 soil moisture probe (ICT Interna-
tional, Armidale, Australia) to confirm a temporally stable and spatially uniform moisture
distribution throughout each tub.

Following seedling emergence, the soil surface was covered with white plastic beads
to minimise soil evaporation, and thus ensure measured water loss was only from transpi-
ration [40–42].
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Air temperature and relative humidity were recorded using a thermocouple (ICT In-
ternational, Armidale, Australia) and hygrometer (Visala Oy, HMP 35A, Helsinki, Finland).
Seedlings were grown under non-water-limiting conditions throughout the measurement
period. The canopy LAI and fraction of absorbed photosynthetically active radiation
(fAPAR) was measured with an AccuPAR ceptometer (LP-80; Decagon Devices, Pullman,
WA, USA) using a 0.5 m active portion of a 1 m long sensor probe to ensure canopy
coverage [43,44]. Wind velocity immediately above the canopy was estimated using a
CFM/CMM Thermo Anemometer (Digitech, QM 1646, Model, 0.40–30.00 m s−1, Electus
Distribution Pty. Ltd., Rydalmere, Australia).

3.2. Measuring Canopy Transpiration

Water level in each tub reservoir was monitored using a U-tube observation port
equipped with a micro-level ‘pin’. This pin was installed at the bottom of the funnel so
that the tip of the pin could be observed closely. Reservoirs were first filled to the point of
surface contact with the tip of the pin. After a measured time interval (1–3 h), the reservoir
was again filled to the start point using a 50 mL burette and the quantity of replenishment
water (mL) recorded. Actual transpiration (mm h−1) was calculated from the amount of
water loss (amount required to refill), the time elapsed and the pot surface area.

Pre-trial testing was undertaken by draining an amount of water and then refilling it
up to the same original level. The drained water was later measured and compared against
the amount of water required to refill in order to confirm the accuracy of the refill process.
It was found that the average difference between the required quantity and that initially
removed was ±6.69 mL (Root Mean Square Error (RMSE) based on 33 repeated attempts);
equivalent to ±0.033 mm m−2 of water loss from the tub surface area.

3.3. Measuring Canopy Conductance

An AP4 Porometer (AP4-UM-3, Delta –T Devices Ltd, Cambridge, UK) was used
to measure the stomatal conductance of individual leaves in the target canopies [45]. To
obtain a representative value of stomatal conductance for each canopy layer, five plants
were randomly selected from each tub having a specific LAI in response to the fertiliza-
tion and sowing date regime at any given sampling date/time. A total of 31 LAI values
ranging from 0.86 to 4.61 were obtained in the regime for examination. Measurements
were performed on the adaxial and abaxial surfaces of two leaves from each plant within
the canopy; bottom (considered as ‘shaded’) and the crown leaf (considered to be ‘sunlit’).
Four conductance measurements were made for each plant in the category of sunlit adax-
ial, sunlit abaxial, shaded adaxial and shaded abaxial. Five conductance values in each
category were obtained from five plants (a total of 20 point measurements for a specific
LAI, five in each category) which were then averaged to obtain a single representative
value. The equivalent canopy conductance for each canopy layer of the grass sward was
then calculated by weighting the average stomatal conductance of each layer with the
proportion of total canopy corresponding to that layer. Each measurement was completed
at the midpoint of the extended leaf, avoiding the midrib of the leaf.

The measurement of actual canopy transpiration, canopy conductance for a specific
LAI together with the corresponding canopy LAI measurements were carried out in one
go inside the greenhouse. Data were collected between 1000–1300 h Australian Eastern
Daylight Time (AEDT), (GMT + 11 h) in a number of days during the active growing period
in between 26 and 42 days after sowing. We used Microsoft Excel and Minitab software for
data analysis and visualization of the results.

4. Results and Discussion

The canopy structure of the pasture was observed to exhibit a complex leaf angle
distribution which changed with both the crop height and LAI. A value of the leaf angle
distribution parameter, χ, for the observed pasture species was assumed to be 0. This



Water 2021, 13, 252 8 of 13

produced an extinction coefficient of 0.5 which has been widely used as an average for the
entire growing season of grassland having similar canopy structure [46,47].

Figure 3 depicts a quadratic response of fAPAR to the increasing LAI which saturated
at LAI greater than 3. In this case, measured fAPAR is shown as a function of LAI for the
range of canopy variations achieved in this study but for a specific solar zenith angle of 25◦.
In Figure 4, the sunlit and shaded fractions of the canopy as it evolves, in relation to increas-
ing LAI, are shown. The fractions were calculated using Equations (2) and (3). The sunlit
fraction starts to saturate at LAI above 3 where it also surpassed by the shaded fraction.
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Overall canopy conductance increased linearly with LAI for both adaxial and abaxial
leaf surfaces, however, the adaxial canopy conductance was found to be dominant in
overall canopy conductance (Figure 5).
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Figure 5. Measured canopy conductance, gc (mm s−1) of adaxial (4, dotted trend line) and abaxial
(N, dashed trend line) leaf surfaces, and net canopy conductance (�, solid trend line) as a function of
canopy LAI.

Measurements were taken when the stomata were fully open, under well-watered
conditions and this dominance of the adaxial component has also been observed by Pachep-
sky et al. [48]. Figure 6 shows the dynamic relations between LAI and the components of
transpiration as it was calculated for sunlit and shaded canopy proportions using equa-
tions developed in this study. Total calculated and actual measured transpiration were
also shown in the figure which compares the two and visualize the performance of the
model developed.

The shape of the total transpiration-LAI curves, specifically the tendency towards
saturation at higher LAI, is similar to that reported in pasture [24] and wheat [49], where the
results were expressed in terms of a basal crop coefficient (Kcb). A controlled atmosphere
experiment involving the same pasture species (tall fescue), where the transpiration was
separately calculated through isotopic observation, found that transpiration can be as high
as 0.55 mm hr-1 for an LAI of 4, which is also very close to the model-predicted values in
this experiment [31].

For LAI < 3, the modelled and actual transpiration agreed very closely, but for LAI > 3
the modelled value exceeds that inferred from the water level measurements (Figure 6).
The level of agreement between actual and modelled transpiration does not show any
dependency on the value of transpiration itself (Figure 7), rather it appears to be an LAI-
driven phenomenon. The discrepancy at higher LAI suggests that the model does not fully
account for water vapour retention inside the canopy (and hence the restrictive effect on
transpiration) at the higher LAIs. This model prediction was obtained assuming that the
effective wind velocity above the canopy was zero, as confirmed using an anemometer. It
is plausible that there was some airflow over the canopies (given the forced air ventilation)
and it was observed that the model is highly sensitive to airflow. Indeed, introducing
an airflow velocity at the plant canopies of 0.05 m s-1 (which mimics the bulk airflow in
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the centre of the greenhouse bay resulting from the ventilation), yielded a net increase in
modelled transpiration of 20%.
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Other model assumptions may also be important. The fAPAR was used to account
the net energy absorption by the canopy, which may not accurately represent absorption in



Water 2021, 13, 252 11 of 13

the near-infrared band and could a reason for the model discrepancy. The overestimation
of transpiration particularly at higher LAI could be due to the inability to neatly divide
the canopy into two, unrelated and non-interacting layers. Single point measurement of
relevant variables for each layer could not be expected to equally represent a physically
deeper layer at higher LAI, as for a thinner layer at low LAI. Moreover, at high LAI (40 d
after sowing), the tips of some of the upper canopy leaves had become senescent and
inactive and hence the sunlit layer could also reach a saturation limit of transpiration
relative to incident energy; both of which contribute to the overestimation of transpiration.
This could, in future work, be mitigated by developing a model that accounts for more
layers in the canopy, as discussed by [10]. For this specific canopy structure, scaling up
stomatal conductance firstly up to leaf level and then plant level could perhaps prove
much more useful. There are some other developmental and physiological aspects like the
variation in age of the plants having same or different LAI values while measurement was
done, which were not incorporated into the model, which could be another underlying
reason for model inaccuracy.

Another reason could be because the Penman–Monteith equation was not originally
developed for greenhouse conditions. It has been shown by Prenger [34] that use of the
original Penman–Monteith equation in greenhouse environments can produce a small
overestimation of evapotranspiration, however, it still generates better results than that of
other models specifically developed for use in greenhouses [31].

Notwithstanding the limitations discussed above, Figure 6 provides interesting in-
sights into the relative contributions of the sunlit and shaded fractions of the plant canopies.
At early stages of canopy development, when the LAI is near 1, the total transpiration is
mostly (approx. 80%) contributed by the sunlit layer. At an LAI closer to 3, the proportion
of sunlit and shaded LAI became approximately equal, but the contribution from the sunlit
layer is still double that of the shaded layer. Usually the upper canopy, or sunlit layer,
can be expected to experience a higher effective vapour pressure deficit, higher canopy
conductance and lower aerodynamic resistance (as found in this experiment) which would
see the sunlit layer contribute more to the overall transpiration [50,51]. Therefore, despite
the fact that the proportion of the shaded layer surpasses that of the sunlit layer at higher
LAIs, the contribution to transpiration from the shaded layer never reaches that of the
sunlit layer.

5. Conclusions

A canopy transpiration model, segmented into sunlit and shaded portions, was
developed to scale up single leaf conductance measurements to derive whole-of canopy
estimates of transpiration as a function of LAI for tall fescue, a widely-grown grassland
pasture species. Accurate estimation of transpiration was derived from water depletion
measurements in tubs and the model canopy parameters were provided by detailed
measurements of stomatal conductance, PAR, fAPAR and canopy LAI. Model-derived
values of transpiration were found to agree to within 20% of the measured values. At
higher LAI (>3), however, the model overestimated the measured values, and this was
attributed to failure of the model to account for microclimate effects within the higher LAI
canopy. The model was developed in a greenhouse environment with little modification
of the original Penman–Monteith equation which can also be used understand how LAI
controls the transpiration under field conditions.
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