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Summary: The relationship between canopy-level evapotranspiration (ETSci) and leaf-level transpiration (Tleaf) as well as 
photosynthesis (Pleaf) for a homogeneous tropical montane pasture was analyzed over five days using a combination of  
methods involving a laser scintillometer and a porometer. Weather conditions ranged from overcast to sunny during the 
period of  study. The gas exchange of  the leaves of  the dominant pasture grass Setaria sphacelata (transpiration vs. photosyn-
thetic CO2 net uptake ) was measured with a porometer and physiologically interpreted on the background of  microclimate 
variables (photosynthetic active radiation (PAR) as proxy for total light intensity, temperature, water vapor deficit of  the air) 
and soil moisture data. Water use efficiency (WUE, photosynthetic CO2 net uptake vs water loss by leaf  transpiration) of  
the pasture was used to analyze the grass’ range of  response to the environmental variables of  the research area. PAR and 
water vapor deficit of  the air (VPD) appeared to be the determinant factors for Tleaf and ETSci. WUE for the Setaria sphacelata 
pasture ranged from 1.9 to 5.8 µmol CO2 mmol-1 H20 day-1 and is particularly low during periods of  high VPD combined 
with enhanced insolation during cloudless periods. ET measurements collected by the scintillometer demonstrated a strong 
correlation with water flux calculated using the Penman-Monteith approach (TPM) (r² = 0.95). Also, Tleaf measured with the 
porometer showed reasonable coincidence with the ET observations (r² = 0.78). Values of  ETSci ranged from 2.26 to 4.96 
mm day-1 and Tleaf ranged from 0.83 to 2.41 mm day-1, but only ETSci showed good correspondence with the available energy 
(net radiation). The lower correlation between Tleaf and canopy-level ETSci compared to that between ETSci and TPM was tested 
against contaminations from the adjacent fetch area of  the scintillometer path, but no effects were found. Likewise, soil 
water limitations of  Tleaf could be ruled out. Therefore, different correlations of  ETSci and Tleaf with the incoming energy and 
VPD may be traced back to a direct effect of  the VPD on ET in contrast to its indirect effect on Tleaf which is additionally 
regulated by physiological processes in the leaf  stomata.

Zusammenfassung: Eine Kombination von Laser-Szintillometer- und Porometer-Messungen wurde verwendet, um die 
Beziehung zwischen der Pfad-Evapotranspiration (ETSci) und der Blatt-Transpiration (Tleaf) sowie der photosynthetischen 
Netto-CO2 Aufnahme (Pleaf) für eine homogene tropisch-montane Weidefläche zu analysieren. Die Messungen erfolgten an 
fünf  Tagen mit unterschiedlichen Wetterbedingungen (bewölkt bis wolkenfrei). Der Gasaustausch der Blätter des domi-
nierenden Weidegrases Setaria sphacelata (Photosynthese-CO2-Nettoaufnahme versus Transpiration Tleaf) wurde mit einem 
Porometer gemessen und physiologisch auf  der Basis von Mikroklimadaten (photosynthetisch aktive Strahlung PAR für 
Lichtintensität, Temperatur, Sättigungsdefizit der Luft) und der Bodenfeuchtigkeit interpretiert. Die Wassernutzungsef-
fizienz (WUE, als Quotient aus Photosynthese-CO2-Nettoaufnahme und Wasserabgabe durch Blatttranspiration) wurde 
verwendet, um die Bandbreite der Reaktion der Weidefläche und des Grases auf  die Umgebungsvariablen der Untersu-
chungsfläche zu analysieren. PAR und das Sättigungsdefizit der Luft (VPD) erscheinen als bestimmende Faktoren für Tleaf 
und ETSci. Die WUE von Setaria sphacelata ist bei hohem VPD und gleichzeitig hoher Sonneneinstrahlung bei wolkenlosem 
Himmel besonders niedrig. Die mit dem Szintillometer gemessenen Verdunstungsraten (2.26 bis 4.96 mm Tag-1) korrelieren 
sehr gut mit den mittels des Penman-Monteith Ansatz errechneten Werten für ET (r² = 0.95). Auch die mittels Porometer 
gemessene Blatttranspiration (0.83 bis 2.41 mm Tag-1) zeigt einen guten, wenn auch statistisch schwächeren Zusammenhang 
mit ETSci (r² = 0.78). Die geringere Korrelation zwischen Tleaf und ETSci resultierte nicht aus einer Signalkontamination durch 
Luftmassenadvektion aus dem Einzugsbereich (fetch) des Szintillometer-Pfads. Die Überprüfung zeigte keine derartigen 
Effekte. Bodenwasserlimitierung der Verdunstung konnte ebenfalls ausgeschlossen werden. Da ET direkt vom Wasser-
dampfsättigungsdefizit der Luft abhängt, die Verdunstung durch die Blätter aber hauptsächlich durch die Stomata erfolgt, 
sind physiologische Prozesse in der Stomataregulation für die etwas geringere Korrelation von ETSci und Tleaf im Tagesver-
lauf  verantwortlich.
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1 Introduction

Biodiversity and ecosystem services such as 
water and carbon regulation are affected by envi-
ronmental changes such as land use and climate 
change (cardinale et al. 2012 and many more). 
This also holds true for the Andes of south-east-
ern Ecuador, which is the second hottest biodi-
versity hotspot on the planet. Here, natural forest 
is steadily being converted into agricultural land 
by the local population through slash and burn 
activities (knoke et al. 2014; thieS et al. 2014; 
curatola Fernández et al. 2015). Buytaert et al. 
(2005) find that land use changes in the Andes of 
Ecuador lead to a deterioration of water regulation 
services. Proper water management practices are 
crucial to Ecuador because approximately 50 % 
of the nation’s electricity is generated by hydro-
electric power plants, the performance of which 
depends on a well-regulated hydrological system 
(Peláez-Samaniego et al. 2007). To properly as-
sess the interplay between climate and land use 
changes, including the water and carbon cycles, 
Bonan (2008) emphasized the importance of im-
proved land surface models (LSMs), including a 
proper parameterization and validation. The lat-
ter, however, requires the measurement of evapo-
transpiration (ET), CO2 uptake and water use ef-
ficiency (WUE) for all relevant plant functional 
types, data that are hardly available for tropical 
ecosystems. While transpiration and WUE can 
be operationally measured at the leaf level using 
modern portable porometers, the observation of 
canopy ET still poses problems in remote areas 
and in complex terrain. Lysimeters cannot be in-
stalled on steeper mountain slopes, while the ap-
plicability of Eddy Covariance (EC) systems to 
retrieve the latent heat f lux that serves as the basis 
of ET calculations needs comprehensive data cor-
rections (for problems and required corrections 
refer to hammerle et al. 2007; etzold et al. 2010).

The recent introduction of a new laser-based 
ET scintillometer (ETSci) makes it possible to derive 
ETSci values integrated over a certain path length, 
thus providing statistically reliable measurements. 
Large aperture scintillometers (LAS), which op-
erate at a wavelength of 850 nm, are usually used 
for path lengths between hundreds of meters and 
several kilometers (250 m–4 km). On the other 
hand, dual-beam surface laser scintillometers 
(SLS) operating at 670 nm are generally applicable 
to shorter path lengths (50–250 m) and thus more 
appropriate for applications of small extents. By 

comparing methods for EC, SLS and Bowen ratio 
(BR) measurements over mesic grasslands, Savage 
(2009) and Savage et al. (2010) stressed that SLSs 
offer a particularly robust method for ETSci assess-
ments. By analyzing EC and SLS measurements, 
the relationship between fetch area and wind 
speed and direction played a measurable role in 
the variability of the derived quantities, such as 
sensible and latent heat f lux (odhiamBo 2011), and 
should thus be included in SLS studies as well.

The aim of this paper is to combine transpi-
ration (Tleaf) and photosynthesis (Pleaf) measure-
ments at the leaf level with ETSci observations at 
the canopy level for a homogeneous pasture in the 
Andean mountains in order to analyze the relation 
of water f luxes at the soil-vegetation-atmosphere 
boundary and biomass production during differ-
ent weather conditions. Furthermore, the com-
parison of Tleaf and ETSci should help to assess the 
applicability of SLS measurements in high moun-
tain areas.

2 Methods

2.1 Study site

Measurements were carried out between 12 
and 19 November 2013 on a pasture site close to 
the ECSF research station in the San Francisco 
River Valley in the Andes of SE Ecuador (refer 
to Bendix and Beck 2009). The natural mountain 
rain forest in this area generally reaches an altitude 
of 3000 m a.s.l. However, wide areas of the forest 
have been cleared for pasture farming. The pasture 
grass Setaria sphacelata is the most common spe-
cies planted in the mid-range, between 1500 and 
2600 m a.s.l. The study area has a humid climate 
year-round, with an average annual rainfall close 
to 2200 mm (Bendix et al. 2008). It is character-
ized by one marked rainy season (Mar–Aug) and 
a period with slightly reduced rainfall (Oct–Dec) 
(rollenBeck and Bendix 2011). Average air tem-
perature is 15.5 °C (ECSF meteorological station), 
with only small f luctuations over the year (Bendix 
et al. 2008). Besides the synoptic wind, which is 
dominated by the tropical easterlies (rollenBeck 
and Bendix 2011), wind circulation in the lower 
valley is characterized by the mountain breeze sys-
tem with upslope and up-valley winds during the 
day and nocturnal katabatic downslope and down-
valley cold air drainage f lows (Bendix et al. 2008; 
makowSki giannoni et al. 2013).
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2.2 Measurements of  transpiration and evapo-
transpiration

Figure 1 and table 1 show the experimental set 
up. In order to compare leaf transpiration (Tleaf) and 
canopy evapotranspiration (ETSci), a portable pho-
tosynthesis system (LiCor LI6400XT, LiCor Inc., 
Lincoln, NE, USA) and a surface laser scintillometer 
(SLS) (Scintec SLS40 with evapotranspiration exten-
sion, Scintec AG, Rottenburg) were used. The SLS is 
an optical instrument which uses the covariance in a 
dual-beam laser (at 670 nm wavelength) to estimate 
atmospheric turbulence, heat and momentum flux. 
Combined with an automatic weather station AWSSci, 
the SLS is used to estimate ETSci by completing the 
energy balance using the Monin-Obukhov similar-
ity theory (MOST). A review of the SLS, including a 
description of the algorithm, is given in odhiamBo 
and Savage (2009). The automatic weather station 
(AWSSci), installed at the SLS receiver, measured net 
radiation, soil heat flux, air temperature, and rela-
tive humidity. The AWSSci data were used to estimate 
both ETSci and water vapor flux using the Penman-
Monteith (TPM) equation (section 2.3). Since the AWSSci 
cannot measure wind or soil moisture profiles, we 
used data from an AWSBurn situated 450 meters (hori-
zontal distance) away from the scintillometer path 
(refer to Silva et al. 2012). The SLS was installed two 

meters aboveground and with a path length of 89 
meters in relatively flat terrain. The SLS propagation 
path stretched over a closed canopy (100 % cover) 
of the pasture grass Setaria sphacelata (average plant 
height of 0.53 meters). Within a horizontal radius of 
about 300 meters, the terrain rises from 1750 to 2000 
meters with slopes between 1° and 66° (31° on aver-
age). Secondary vegetation, mainly bracken fern and 
shrubs, as well as afforestation with Pinus patula, sur-
round the pasture on which the measurements were 
taken. Observations were performed over the course 
of eight days under both sunny and cloudy condi-
tions. Data from three days had to be discarded due 
to bias introduced by scattered rain showers. Thus, 
five days’ worth of data recorded in ten-minute in-
tervals were analyzed.

Leaf transpiration and net CO2 uptake rates were 
measured on mature green leaves of various Setaria 
sphacelata tufts. Each day a different tuft along the 
scintillometer path was selected at random. Mature 
leaves of Setaria sphacelata tufts are considered physi-
ologically similar and thus equally responding to 
atmospheric forcing. Because Setaria pastures are 
planted manually, the tufts of one pasture are of the 
same age. Previous measurements on three of the 
tufts showed similar rates of maximum photosyn-
thetic net CO2 uptake, which differed by no more 
than 12 % among each other. The sensor head of 
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Fig. 1: The study site and the localization of  the experimental setup in the val-
ley of  the San Francisco River in Southern Ecuador
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the portable photosynthesis system (LI-6400XT, 
LiCor Inc., Lincoln, NE, USA) was positioned so as 
to keep the leaf in its natural position as much as 
possible. Ambient conditions were maintained in the 
cuvette chamber. For establishing a light response 
curve of photosynthetic net CO2 uptake, an exter-
nal light source (6400-02B LED light source, LiCor 
Inc., Lincoln, NE, USA) was mounted to the cuvette 
chamber and measurements were performed when 
CO2 uptake was stable after adapting to the differ-
ent light steps. Consistently with SLS, AWSSci, and 
AWSBurn data, porometer data recorded in ten min-
utes were used for further analysis.

Water use efficiency (WUE) is calculated using 
the porometer data according to Farquhar et al. 
(1989) (Tab. 1):

WUE
P
T

Leaf

Leaf

=  [µmol/mmol]  (1)

Spatial data for the area adjacent to the scin-
tillometer path was used for ancillary analyses. This 
includes a digital elevation model (DEM) and the 
canopy height derived from the land surface model 
(DSM) of a laser scanning campaign conducted in the 
San Francisco River Valley (Silva and Bendix 2014).

2.3 Applicability of  the methods

Two main conditions are required to apply the 
Monin-Obukhov similarity, which must be met for 
measuring ETSci in mountain terrain. First, despite 
the pasture’s location in such terrain, the short SLS 

path length allows us to find a suitable flat terrain 
with homogenous vegetation. Second, the propa-
gation path length is set two meters above ground, 
which is more than twice as high as the vegetation 
cover (average 0.53 meters height), providing high 
sensitivity without signal saturation at strong tur-
bulences. An estimation of the fetch showed high 
homogeneity on the pasture area up to around 100 
meters away from the propagation path. Field and 
aerial photo observations confirmed this apprecia-
tion. In addition, even if homogeneity would not be 
fully satisfied, the similarity theory is still valid for a 
limited range of the ratio between the measurement 
height and the Obukhov length (z/L) (moraeS et al. 
2005; martinS et al. 2009). Finally, as the condition 
of a homogeneous green vegetation cover is met, sin-
gle point measurements of Tleaf could be used as a 
basis for upscaling transpiration (and photosynthetic 
net CO2 uptake) from the leaf level to the canopy of 
the measuring path of the ETSci measurements. That 
is the rationale behind the simultaneous use of the 
porometer and the scintillometer.

In the current study area, the above mentioned 
preconditions for MOST are as far as possible ad-
hered, which can be verified in the measurements. 
With the propagation path of 89 meters good SLS-
signal sensitivity and no saturation at strong turbu-
lences in sensible heat flux are confirmed by the dis-
tribution of the inner scale of the refractive index 
fluctuation (mean = 7.5 and range [0.75, 18.82]). The 
inner scale of the refractive index fluctuation – meas-
ured by the SLS – is the smallest diameter of the oc-
curring eddies and should have a lower limit of 2 
mm, which in our case holds for 97 % of the data. 
In addition, according to moraeS et al. 2005, the 

Variable Instrumentation Model / Company

Leaf  Transpiration (Tleaf) Portable porometer LI-6400XT (LiCor Inc., Lincoln, NB, USA)

Leaf  net CO2 uptake (Pleaf)   
Canopy Evapotranspiration (ETSci) Scintillometer + AWSSci SLS-40 (Scintec AG, Rottenburg a.N., Germany)
Friction velocity   

Net radiation
Soil heat flux
Temperature & Rel. humidity
Precipitation

Scintillometer-AWS (AWSSci) 
Pyrradiometer 
Heat flux plate 

Thermometer and hygrometer
Rain gauge 

8111 (Schenk GmbH, Austria)
HFP01 (Campbell Sci., USA) 
HC2S3 (Campbell Sci., USA) 
52203 (RM Young, USA) 

Wind speed & direction
Burnplot-AWS (AWSBurn)
Ultrasonic anemometer  WindSonic (Gill, Inc. UK)

Soil moisture Soil moisture sensor 10HS Decagon devices, USA)

Tab. 1: Variables and field instrumentation
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standard deviation of wind speed normalized by the 
friction velocity indicates in terms of z/L where tur-
bulence has been properly measured. A breakdown 
of MOST could have occurred under very sable (z/L 
> 0.5) or very unstable (z/L < 0.5) atmospheric con-
ditions. Though, we observed a typical behavior for 
-0.5< z/L <0.5, which occurred in 93 % of the data. 
Last, because scintillometer-based observations may 
be biased by fetch effects of the adjacent area, it is 
necessary to run a fetch contribution analysis to 
guarantee that the results presented for the ETSci/
Tleaf relationship are not severely affected by ET pro-
cesses from outside the Setaria pasture (please refer 
to section 3.3).

2.4 Ancillary data processing

To assess the feasibility of the SLS observations, 
our first step was to compare the measurements with 
calculations of TPM based on the Penman-Monteith 
(PM) model. In our case, TPM closely represents ET, 
mainly because of two reasons. First, the pasture 
grass completely covers and thus shades the ground, 
thus minimizing bare soil evaporation. Second, SLS 
measurements are from precipitation-free days sole-
ly, thus minimizing the evaporation of canopy in-
tercepted water. Sub-hourly PM calculations require 
proper parameterization (for the required equations 
and parameters the reader may refer to mcmahon 
et al. 2013). Unlike in mcmahon et al., the aerody-
namic and surface resistance calculations ra and rs are 
provided by Bonan (2008), which is important for 
the sub-hourly applications used in this paper:

      (2)

in which zm is the height of the laser beam (m), 
zh is the height of the temperature/humidity instru-
ment (m), d is the zero plane displacement height (m) 
derived from plant height in the path using the DSM, 
zom the roughness length of momentum (m), zoh the 
roughness length of heat and vapor transfer (m), k 
is the von Karman constant, and uz the wind speed 
(m s-1). The SLS provides the friction velocity (us), 
which according to oke (2002), is proportional to 
the square of the wind speed (uz). The terms ψm(ζ) 
and ψh(ζ) are for stability correction for momentum 
and heat, respectively. These terms are calculated us-
ing scintillometer-based values of sensible heat flux 
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and, according to Bonan (2008), are given for unsta-
ble conditions (ζ<0) by:

(3)

(4)

(5)

and for stable conditions (ζ>0) by:

(6)

in which ζ = (z-d)/L, z is set the measurement height 
(zm), and L is the stability length, which is calculated 
based on scintillometer values of sensible heat flux, 
as given by:

(7)

in which us is the friction velocity, k is the von 
Karman constant (0.41), g is the acceleration due to 
gravity (9.81 m s-2), T is the air temperature (K), H 
is the sensible heat flux (W m-2), ρ is the density of 
the air (kg m-3), and Cp is the heat capacity of the air. 

The stability length (L), and thus the sensible 
heat flux (H), are obtained directly from the SLS 
measurements by the numerical iteration of L and 
H dependent functions, which in turn are dependent 
on the fluctuations in the refractive index of the air, 
measured by the laser beam of the SLS. The semi-
empirical MOST similarity functions applied in this 
case are from thiermann and graSSl (1992) and 
also reviewed in odhiamBo and Savage (2009). The 
surface resistance is given by:

   (8)

in which rl is the stomatal resistance of a single leaf 
(s/m) which is obtained from the porometer meas-
urements in the scintillometer path, and LAIactive is 
the photosynthetic active leaf area index (m²/m²), or 
the sunlit (green) LAI, as derived by Bendix et al. 
(2010) for Setaria sphacelata. The LAI of Setaria was 
obtained in the field using the light transmittance 
method (LAI-2000, LiCOR, Lincoln, NE, USA), and 
the sunlit LAI, or the LAIactive, equals 77 % of LAI. 
The sunlit fraction of LAI considers leaf area and 
inclination at hemispherical illumination (Bendix et 
al. 2010). In addition, both LAI and sunlit LAI frac-
tions were applied in computer simulations, which 
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were validated by the yield (net CO2 uptake and an-
nual biomass production) of the forage grass Setaria 
(Silva et al. 2012).

The fetch area for the SLS was calculated for the 
wind direction and wind speed of each time step ac-
cording to hSieh et al. (2000). The weighted sum of 
the canopy height was used as the spatial variable to 
indicate vegetation type within the fetch area to ex-
plain ET for each wind sector. The fetch calculation 
requires the wind speed in the scintillometer path, 
which is not provided by the AWSSci. The AWSSci 
does provide a friction velocity measurement, how-
ever, which is related to wind speed. We conducted 
a regression analysis between friction velocity from 
AWSSci and wind speed from AWSBurn to calculate the 
wind speed in the scintillometer path with the de-
rived regression equation (r² = 0.73, slope = 0.177).

3 Results and Discussion

3.1 Feasibility of  ET measurements with the 
scintillometer

In a first step, the ETSci measured with the 
scintillometer was compared to TPM calculations 
in order to assess the feasibility of the instrument. 
Figure 2 shows ETSci and TPM together with leaf 
transpiration as well as rainfall and soil water in 
the course of a week. We found very good general 
consistency between scintillometer ETSci observa-
tions and Tleaf calculations (TPM) with the Penman-
Monteith (PM) approach adapted to Setaria pastures 

for every day. However, peak TPM at noon is higher 
than ETSci on sunny days (Fig. 2, left). Other studies 
in which lysimeters were used to determine ET (e.g. 
loPez-urrea et al. 2006) have shown that PM cal-
culations slightly overestimate ET. The correlation 
(Fig. 2 right) between both methods is nevertheless 
strong and in the same range of lysimeter studies 
(r² of 0.92 in loPez-urrea et al. 2006). While data 
pairs largely coincide with the one-by-one line up 
to an ET of 0.6 mm h-1, the correlation becomes 
less strong and scatter clearly increases above that 
value. In particular, days with intermittent cloudy 
and sunny periods seem to deliver lower TPM values, 
while ETSci peaks seem to be lower on more sunny 
days. 

3.2 ET, T and WUE of  the Setaria pasture un-
der different weather conditions  

Figure 3 presents the detailed daily courses 
of transpiration (Tleaf), evapotranspiration (ETSci), 
photosynthesis (Pleaf) and atmospheric variables to 
show the situation on three exemplary days: one 
with intermittent sunny and cloudy weather (12 
Nov), one that is entirely overcast (15 Nov) and one 
that is entirely sunny (19 Nov).

On the day with intermittent cloudiness (Fig 3 
a, d, g), photosynthesis and transpiration generally 
increased until noon, with a clear relation to corre-
sponding peaks in PAR and between Tleaf and Pleaf. 
After 13:00 LST, PAR and transpiration continued 
to increase while photosynthesis began to decline 
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slightly. All values immediately dropped after 15:30 
LST, when the study site became shaded. ETSci 
generally followed the course of Tleaf and the rela-
tions between ETSci and Tleaf increased with peaks 
in PAR (here taken as a proxy for the amount of 
global radiation). This reflects an enhanced por-
tion of evaporation (E) in ETSci during periods of 
high insolation. It also holds for the average level 
of ETSci/Tleaf after 13:00 LST, which is somewhat 
higher in its mean value than before noon due to 
a slight decrease of stomatal conductance as indi-
cated by the decrease of the rate of photosynthetic 
net CO2 uptake. It is important to note that oscilla-
tions in ETSci/Tleaf mainly reflect the dependence of 

ETSci and Tleaf on the available energy. This variable 
strongly depends on solar radiation, which varied 
within minutes on cloudy days due to illumination 
geometry. In addition, while Tleaf is the primary 
outcome of stomata regulation, ETSci values include 
all sources of evaporation. Further, WUE generally 
decreased to very low values (<5 µmol CO2 mmol 
H2O-1) as the day progressed, while peak values 
were observed during phases of cloud cover in the 
morning and again in the late afternoon. The same 
principal relations hold for the cloudy day (Fig. 3 
b, e, h), on which WUE is relatively constant from 
sunrise until sunset and comparatively high at ap-
proximately 8 µmol CO2 mmol-1 H2O.
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The entirely sunny day reveals the most homog-
enous situation (Fig. 3 c, f, i). PAR and ET show a 
similar daily course, while photosynthesis decreases 
after 11:00 LST due to stomatal limitation indicated 
by Tleaf values remaining nearly constant at about 0.4 
mm h-1 throughout the entire period of strong irra-
diance. The steady increase in the ETSci/Tleaf ratio 
clearly shows the increasing portion of E in ETSci as 
the day progresses. From 8:30 to 10:30 LST, photo-
synthesis remains constant, while transpiration con-
tinues to increase until 9:30 LST. This results in a 
dramatic decline of WUE, which reaches a minimum 
level of around 2 µmol CO2 mmol H2O-1 from 9:00 
until 15:30 LST. Once the area becomes shaded in 
the late afternoon, WUE increases again to values 
between 7 and 8 µmol CO2 mmol H2O-1 as transpi-
ration steadily decreases and photosynthesis shows 
a transitory positive response to PAR. It is obvious 
that photosynthetic net CO2 uptake (Pleaf) as well as 
Tleaf were limited, although soil moisture at differ-
ent depths (Fig. 3d-f) remained high throughout the 
entire day, not indicating soil induced drought stress. 
However, figure 3 (top and bottom) shows an inverse 
relationship between photosynthesis and vapor pres-
sure deficit (VPD), most obvious at the peak levels 
of the saturation deficit (12 and 19 Nov). Tleaf does 
not reflect this because at a given stomatal conduct-
ance, transpiration is a function of VPD and thus in-
creases as the saturation deficit increases, while pho-
tosynthesis responds to PAR under these conditions. 
On the cloudy days (13 and 15 Nov) VDP did not 
show great diurnal fluctuations and transpiration re-
mained rather low (Fig. 3 b). C4 plants such as Setaria 
are known for high biomass production at high light 
intensities, high temperatures and limited moisture 
(see e.g. kadereit et al. 2014).

The light (PAR) response curve for Setaria 
sphacelata saturates at 1000–1250 µmol m-2 s-1. The 
maximum net CO2 uptake equals 15.02 µmol CO2 
m-2 s-1 (standard deviation = 1.8) taking six sam-
ples on three leaves. Therefore, irradiation above 
that intensity cannot increase photosynthetic net 

CO2 uptake. Because Tleaf remained constant be-
tween 9:30 and 13:00 LST as VPD increased on 
the sunny day, stomatal conductance must have de-
creased, which explains the decrease in photosyn-
thetic net CO2 uptake during midday. Likewise, the 
highest photosynthetic rates on this day must have 
been curtailed by stomatal conductance. This in-
terpretation explains the higher peak rates of pho-
tosynthetic net CO2 uptake during spells of higher 
PAR on the overcast or partly sunny days (12 and 
15 Nov) when VPD was low. Another point worth 
mentioning in that respect is air temperature (refer 
to Silva et al. 2013). Temperatures below 20 °C (12 
and 15 Nov) are clearly suboptimal for a C4-grass. 
Thus, under an optimal combination of PAR, VPD, 
and temperature, even higher photosynthetic rates 
could be expected. Due to weather conditions, 
however, this is unlikely in the immediate research 
area but might occur at lower elevations in the San 
Francisco River Valley.

A correlation matrix corroborates the inter-
pretation’s findings (Tab. 2). Photosynthesis (P) 
shows a moderately positive correlation to PAR, 
air temperature and transpiration. Transpiration 
(T) shows a markedly stronger positive correlation 
to PAR and air temperature in particular. On the 
other hand, WUE is inversely related to PAR. Also, 
air temperature and VPD show negative influence 
on WUE. PAR is considered a proxy for the total 
radiation.

Figure 4 summarizes the results and shows 
that the ETSci/Tleaf ratio is in the range of 2.49, with 
higher values (lower Tleaf) during cloudy days with 
a low VPD. The results generally agree with those 
from similar studies. For instance, yePez et al. 
(2005) found ET/T ratios between 2.33 and 2.86 
with isotope studies in grasslands with Eragrostis 
lehmanniana. For high elevation grassland systems 
in Mongolia, hu et al. (2009) observed ratios rang-
ing between 1.3 and 2.6 for the growing season in 
four communities dominated by Leymus chinensis, 
Agropyron cristatum, Cleistogenes squarrosa and Carex 

Tab. 2: Correlation matrix between atmospheric forcing and plant response variables for the three days dis-
played in figure 4 (6:00–18:00)

 Pleaf Tleaf Temperature VPD PAR WUE

Pleaf 1.00
Tleaf 0.68 1.00
Temperature 0.63 0.90 1.00
VPD 0.45 0.88 0.96 1.00
PAR 0.69 0.94 0.86 0.82 1.00
WUE 0.02 -0.55 -0.44 -0.55 -0.44 1.00
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duriuscula, respectively. WUE turned out to be high 
for the Setaria sphacelata pasture under cloudy con-
ditions (WUE = 8.74). The average value of 5.52 is 
also in accordance with other studies. For Setaria 
viridis, luo et al. (2009) found WUE values be-
tween 4.77 and 5.30 µmol CO2 mmol-1 H2O under 
unstressed conditions, which decrease to values 
around 1.65 µmol CO2 mmol-1 H2O under severe 
drought stress. In laboratory experiments with 
Setaria sphacelata, a reduction of WUE from 10 to 
approximately 2 µmol CO2 mmol-1 H2O was re-
ported under upcoming drought stress at a relative 
leaf water content of around 65 % (da Silva and 
arraBaca 2004). Although significant water stress 
inhibited metabolic activity in the mesophyll, sto-
matal limitation of CO2 diffusion was the main rea-
son for a decrease in photosynthesis (da Silva and 
arraBaca 2004). The average WUE of around 5.52 
found in our experiment shows this limitation also 
to occur naturally. Finally, figure 4 (right) corrobo-
rates the good ratio of canopy-level ETSci and leaf-
level Tleaf (r2 = 0.78). This relation shows that ETSci is 
significantly controlled by Tleaf and less influenced 
by evaporation from other sources than the leaves.

3.3 Potential dependence of  ET measurements 
on fetch area characteristics

Wind speed in the valley during the study pe-
riod was low, with a mean wind speed of 1.43 m 
s-1 (σ = 0.46), with 69 % of data below this average 
(Fig. 5, left). As pointed in section 2.4, low wind 
speed leads to a relative small fetch area. Winds 

predominantly blow from the eastern to south-
eastern sector, resulting (i) from the prevailing 
easterlies as synoptic forcing (rollenBeck and 
Bendix 2011) which are channelized by the valley’s 
E-W orientation, and (ii) the thermally induced up-
valley breeze during the daylight period (Bendix 
et al. 2008, 2009) in the same direction. While a 
constant direction around 125–130° prevails dur-
ing daylight hours on the overcast and partially 
sunny days (12–15 Nov), the days with more sun 
(especially 19 November) show a clear thermally in-
duced breeze cycle from nocturnal downslope and 
down-valley cold air drainage flow to upslope and 
up-valley winds during the day (Fig. 5, right).

The aerial photo in figure 6 (left) shows the 
footprint areas which are covered by different 
functional vegetation types. The cover in the E 
sector mainly consists of Setaria pastures and small-
er shrubs; the ESE sector exclusively encompasses 
pasture area. The surface of the S, SW and NNE 
sectors include Setaria pastures and afforestation 
with Pinus patula. By distance weighting of the rela-
tive contribution to the SLS signal, the example 
for the eastern wind direction (Fig. 6, right) clearly 
shows that the signal is derived almost entirely 
from the Setaria pasture in the scintillometer path 
and very close adjacent areas.

Figure 7 reveals the contributing wind sector 
for each ETSci signal and the contributing vegeta-
tion type, indicated by vegetation height. The re-
sult does not support a clear correlation between 
the measured ETSci and land cover. For most of 
the wind sectors, ETSci spans the entire ETSci range 
measured for the pasture (canopy height < 2 m). 

Mean ETSci/Tleaf = 2.49

Mean WUEleaf = 5.52
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Fig. 4: (left) Average daily relationship between ETSci and Tleaf (green) and WUE (blue) for the Setaria pasture. (Right) Rela-
tionship between ETSci and Tleaf using the 10-minute data
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Only ET measurements during wind sectors fac-
ing the Pinus plantation (canopy height > 4 m) were 
lower. However, these ET observations are clearly 
related to the early morning and late afternoon 
hours, when ETSci and Tleaf were attenuated due to 
reduced radiative forcing (Fig. 3). Thus, any domi-
nating influence the fetch area has on the observed 
ETSci/Tleaf ratios was excluded for the study period.

3.4 ET measurements and the context of  the 
conversion of  forest to pasture

Table 3 presents a summary of measurements to-
gether with representative meteorological variables. 
As expected, the variables total ETSci (mm day-1) and 
total Tleaf (mm day-1) show a good agreement with 
available energy (mm day-1). At the same time, photo-
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synthetically net CO2 uptake (Pleaf) (gC day-1) remains 
nearly constant along the week, with a slight tenden-
cy towards higher values on days with overcast and 
scattered clouds (15 and 18 Nov). Photosynthetic gas 
exchange is controlled by both light intensity and the 
conductivity of the stomata. The latter is controlled 
by the water status of the leaves and the atmospheric 
water vapor deficit. Therefore it is not surprising that 
the available energy does not necessarily directly cor-
respond with net CO2 uptake, while evapotranspira-
tion strongly depends on the available energy and 
atmospheric conditions. For comparison with the 
literature, we used a weighted calculation to obtain 
annual ETSci considering typical cloud conditions. 
First, the minimum and the highest values of table 3 
are multiplied by the fraction of 0.88 overcast days 
per year (Bendix et al. 2008) and by the remaining 
of 0.22 sunny days per year, respectively. Then, the 
sum of these terms is multiplied by 365 to yield a 
typical annual ETSci of 1124 mm year-1. This value is 
in good agreement with model-based values found 
for low-intensity grazed pasture in our study area 
(windhorSt et al. 2014). In addition, similar obser-

vations have been made for the tropical cloud forest 
(BruiJnzeel et al. 2011). An ET of 1281 mm year-1 
was found in a forested micro-catchment nearby our 
study area (FleiSchBein et al. 2011). In the forest, low 
VPD and high fog-intensity seems to lower ET, while 
the opposite is expected on the areas converted into 
pastures (knoke et al. 2014). On less intensely used 
pasture, higher ET is associated with a larger infil-
tration and larger base flow, while radiation limits 
ET and high near-surface lateral flow is expected 
in the forest (windhorSt et al. 2014). BruiJnzeel 
et al. 2011 reported that the quick runoff response 
of intensively used pastures at local scale could not 
be observed at operational catchment scale. Based 
on the present ET measurements, less intensely used 
pastures should counterbalance both, base flow and 
lateral flow at catchment scale due to relative high 
ET values under sufficient water supply (i.e. almost 
constant soil water content).

4 Conclusions 

In this case study from the SE-Ecuadorian 
Andes, we investigate the relationship between can-
opy-level evapotranspiration and leaf-level transpi-
ration and photosynthesis to better understand the 
plant component of the water and carbon cycles of 
a high Andean pasture dominated by the C4 grass 
Setaria sphacelata during various typical weather con-
ditions. The new methodological combination of 
a laser scintillometer and a porometer revealed a 
strong relationship between canopy ET, or ETSci, and 
leaf transpiration (Tleaf) for a Setaria sphacelata pasture, 
nearly undisturbed by fetch effects of the surround-
ing terrain. However, slight deviations on the rela-
tion between ETSci and Tleaf, in particular at higher 
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Fig. 7: Scatterplot of  the spatial variable canopy height of  
the fetch area and its close surroundings related to the ET 
observations during prevailing wind sector classes

Tab. 3: Summary of  water flux (ETSci, Tleaf), net photosynthetic CO2 uptake (Pleaf) converted to gC per day, heat flux (HSci), 
PAR radiation, and total net radiation for the five days of  measurements (November 12–19 2013). Available energy is the 
daily net total radiation converted to water depth (mm) using the relation 1 MJ m-2 = 0.408 mm. Midday averages are from 
observations between 11:00 and 14:00 for each day

Day
Cloud condition

Nov 12
broken

Nov 13
broken

Nov 15
overcast

Nov 18
scattered

Nov 19
sunny Average

Daily total ETSci (mm day-1) 3.00 2.26 2.69 4.48 4.96 3.48
Available energy (mm day-1) 3.40 2.72 3.11 5.65 6.29 4.23
Daily total Tleaf (mm day-1) 1.19 1.17 0.83 1.71 2.41 1.46
Daily total Pleaf (gC day-1) 4.59 4.13 4.81 5.59 4.57 3.40
Midday PAR (W m-2) 282.80 199.62 105.96 216.31 412.40 243.42
Midday ETSci (W m-2) 285.95 331.90 178.29 334.49 574.87 341.10
Midday HSci (W m-2) 41.93 47.92 21.32 68.01 131.16 62.07
Midday net radiation (W m-2) 336.64 391.74 209.52 413.22 729.24 416.07
Midday Bowen Ratio 0.15 0.14 0.12 0.20 0.23 0.18
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values, remain, as shown by the scatter in figure 4 
(right), which summarizes all different (cloudy, partly 
overcast, sunny) days. This might have resulted from 
varying shares of leaf transpiration to ET, since evap-
oration directly depends on the incoming energy and 
the associated water vapor deficit while transpiration 
of a plant leaf is regulated by a multitude of factors, 
the most important being VPD and light intensity. 
Tropical C4 grasses were proven to regulate stomata 
conductance (and thus transpiration) very subtle un-
der general good soil water conditions (ludlow et 
al. 1985). Environmental factors (light intensity and 
VPD) affect transpiration not quite independently, 
but the stomata control by a high VPD will always 
thwart control by light. Therefore a characteristic de-
pendence of evaporation on VPD will be linear over 
a wide range whereas the corresponding relation of 
Tleaf and VPD shows an early saturation (Fig. 3c). As 
control of gas exchange is accomplished via the sto-
mata conductivity, VPD also affects photosynthetic 
net CO2 uptake in a similar way as Tleaf, however, 
the influence of the light intensity on photosynthe-
sis is, at least at low to moderate VPDs stronger as 
that of the VPD (Figs. 3a and b). Whereas in gen-
eral Tleaf appears to account for the bulk of ET, its 
share decreases with high VPDs. This could explain 
the stronger scatter of the data at high VPD (high 
ET). Thus, a temporal transient uncoupling of tran-
spiration and evaporation especially in the afternoon 
cannot be completely ruled out. Regarding the latter, 
methodological issues must be considered as well, 
mainly the applicability of the similarity theory. In 
our study, a possible breakdown of the MOST theory 
in the measurement, due to the terrain configura-
tion, did not impose a problem to the validity of the 
method. In more than 90 % of the data turbulence 
characteristics was observed to be well represented. 
A second methodological aspect that confirms this 
observation is the comparison of path-integrated 
SLS values with point porometer measurements of 
individual, randomly selected grass tufts along the 
path. Although the Setaria tufts showed low variabil-
ity in their maximum rates of photosynthesis, some 
uncertainty must be implied in the intercomparison. 
For instance, the evaporation from plant surfaces be-
cause of nocturnal rain showers and dew-fall could 
also have contributed to the decrease in the share 
of leaf transpiration to ET. In light of these uncer-
tainties by considering all different days together 
(Fig. 4 left), the relatively high coefficient of deter-
mination (r2 = 0.78) between ETSci and Tleaf encour-
ages the application of SLS instruments in tropical 
mountains. Last, coupling the relationship between 

plant water and carbon by calculating WUE could 
be accomplished with porometer data. The question 
remains, how this information could be up-scaled 
to the scintillometer scale or beyond if, for instance, 
satellite data would allow us to derive instantane-
ous transpiration and CO2 assimilation (equation 
1). One approach to be considered is by using the 
ETSci to Tleaf relationship found in this study as a ba-
sis for the above mentioned upscaling. In this case, 
the spatial heterogeneity of the active leaf area and 
canopy interception should be considered. Indeed, 
some remote sensing techniques and approaches cal-
culate WUE as the product of satellite-derived gross 
primary production and ET (or latent heat flux) (e.g. 
lu and zhuang 2010). If this needs to be done in a 
high temporal resolution (e.g. hourly intervals) our 
analysis shows that decoupling T and photosynthesis 
depends on the daily course of VPD and the change 
in the ET/T ratio might introduce uncertainties by 
replacing T in equation (1) with ET. 
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