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Abstract

The gradients between precipitation and runoff quantities as well as their water isotopes were used to establish a water
balance in the Clyde River Basin (Scotland). This study serves as an example for a European extreme with poorly vegetated
land cover and high annual rainfall and presents novel water stable isotope techniques to separate evaporation, intercep-
tion and transpiration with annual averages of 0.029 km® a~!, 0.220 km® a~! and 0.489 km® a™!, respectively. Transpira-
tion was further used to determine CO, uptake of the entire basin and yielded an annual net primary production (NPP) of
352 % 10° g C (Giga gram) or 185.2 g C m~2 Compared to other temperate areas in the world, the Clyde Basin has only
half the expected NPP. This lower value likely results from the type of vegetation cover, which consists mostly of grass-
lands. Subtracting the annual heterotrophic soil respiration flux (Ry) of 392 Gg (206.1 g C m~2 a~!) from the NPP yielded
an annual Net Ecosystem Productivity (NEP) of —40 Gg C, thus showing the Clyde Watershed as a source of CO, to the
atmosphere. Despite the unusual character of the Clyde Watershed, the study shows that areas with predominant grass and
scrub vegetation still have transpirational water losses that by far exceed those of pure evaporation and interception. This
infers that vegetation can influence the continental water balances on time scales of years to decades.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction et al., 1998; Prentice et al., 2001) and the sink for
this C is suspected to be in terrestrial ecosystems

Currently, about one quarter of anthropogenic (Brown and Lugo, 1982; Ciais et al., 1995; Rayner
CO, emissions remains unaccounted for (Houghton et al., 1999; Thompson et al., 1996; Sarmiento and

Wofsy, 1999; Prentice et al., 2001). It is known that
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(Buchmann and Schulz, 1999; Kirschbaum, 1995,
2000; Valentini et al., 2000; Hanson et al., 2000;
Schlesinger and Andrews, 2000; Nemani et al.,
2002, 2003). Model estimates suggest that boreal
and temperate ecosystems are a “‘slight” net sink
of CO,. However, these estimates have large uncer-
tainties that often exceed net fluxes (Ciais et al.,
1995; Rayner et al., 1999; Sarmiento and Wofsy,
1999; Prentice et al., 2001).

While photosynthesis is controlled by sunlight
(solar energy), water availability and temperature
(Nobel, 1999; Nemani et al., 2002, 2003), any of
these factors could be limiting and thus control
the net flux of CO, to ecosystems. Plants sequester
CO, from the atmosphere and simultaneously
recycle precipitation into the atmosphere through
transpiration thus showing the strong coupling
between water and C cycles (Ehleringer et al.,
1991, 1997; Hopkins, 1995; Jarvis et al., 1997,
Orsenigo and Patrignani, 1997; Pessarakli, 1997,
Gillon et al., 1998; Nobel, 1999; Saga and Monson,
1999; Ehleringer and Cerling, 2002). Moreover,
water and C cycling occur at a specific H,O:CO,
ratio, known as the “Water Use Efficiency”
(WUE). It describes the moles of H,O that are tran-
spired to enable the uptake of one mol CO,. Telmer
and Veizer (2000, 2001) utilized the WUE to esti-
mate CO, sequestration for the Ottawa River
watershed. This technique relies on the isolation of

the transpirational water flux of a river basin. Lee
and Veizer (2003) tested this concept on the Missis-
sippi Watershed and obtained Net Primary Produc-
tivity (NPP) fluxes that were in good agreement with
empirical model estimates of heterotrophic soil res-
piration (Ry). They also proposed that it is likely
that the overall terrestrial ecosystem is water lim-
ited, due to the global deficiency of soil water. This
hypothesis has been further tested on the Saskatch-
ewan, Great Lakes-St. Lawrence, Ottawa River and
Volta Basin watersheds (Telmer and Veizer, 2000,
2001; Karim et al., 2007; Freitag et al., 2007) and
yielded comparable results.

The above approach enables determination of
photosynthetic CO, fluxes in selected watersheds
and can also provide estimates for entire river basins
at a fraction of the cost associated with the standard
approaches that include eddy covariance and lysim-
eter measurements. Here the technique is tested on
the Clyde Watershed in Scotland (Fig. 1) with the
objectives:

1. to quantify transpirational water fluxes using
water stable isotope ratios (8'%0 and 8D);

2. to determine whether the Clyde Watershed is a
source or sink of CO,.

With transpiration usually playing a significant
role in the water balance, its improved understand-
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Fig. 1. Location of the Clyde River Basin in the UK.
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ing may help in the planning of agricultural and
vegetation schemes to prevent against catastrophic
events such as flooding or droughts. The Clyde area
is unlikely to be limited by water availability and
represents a European extreme in terms of high pre-
cipitation and predominant grass vegetation with
sparse forest vegetation. This offers an excellent
opportunity to compare this watershed to well-for-
ested areas. The work presented here is the first
European catchment study that applies the above-
mentioned stable isotope approach for determina-
tion of transpiration and CO, uptake. Results there-
fore offer new end member values for other water
balance and C sequestration studies in Europe and
elsewhere.

2. Materials and methods
2.1. Concept

A detailed description of terrestrial water bal-
ances and the coupling between the C and water
cycles is given in Telmer and Veizer (2000, 2001)
and Lee and Veizer (2003). The general hydrologic
balance of a watershed is:

ET =P — (Ops + Opr) ~AS =P - 01 — AS (1)

(Chow, 1964; Linsley et al., 1975; Braud et al., 1995;
Leopoldo et al., 1995)

where ET = water lost to evapotranspiration;
P = precipitation; Ops = surface runoff;
Ogpr = base flow; Ot =total runoff; AS = change
in groundwater storage.

Over sufficiently long time periods AS becomes
negligible under the assumption that groundwater
table rises and falls cancel each other out and the
equation simplifies to

ET =P -0 2)

The water in- and output parameters, P and O, are
directly measurable. The evapotranspiration term
(ET) includes evaporation (E), transpiration (7)
and interception (/):

ET=E+T+1 (3)

In order to separate this flux into its sub-compo-
nents, determination of the pure evaporation flux
(E) is required in a first instance. It can be calculated
with an isotope balance equation developed by
Gonfiantini (1986) that writes

X=E/I
= (85 — 1) (1 — h+ Ae)/(8s + 1) (Ae + ¢/)
+ h(8, — Js) (4)

where X = proportion of precipitation that is lost to
evaporation (expressed in % if multiplied by 100);
ds = mean value of 5'%0 (or 3D) of the river at
the outflow (in this case the isotopic composition
of the Clyde River at the Tidal Weir); d; = average
isotopic composition of incoming precipitation;
9, = mean 3'%0 (or 3D) value of the water vapour;
o = equilibration fractionation factor for O (In
a=1137T"% - 0.4156T ' — 0.00207) or H isotopes
(In o =24,844T% — 76.248 T~' +0.05261) (Majo-
ube, 1971) with T being the temperature in Kelvin;
¢ = o — 1; Ae=kinetic enrichment factor for O
(14.2 (1 — h)) and for H isotopes (12.5 (1 — h));
h = the relative average humidity that can be calcu-
lated by average oD and &80 values
(0.015x (8D, — (8 x §'*0,)) + 1) with the subscripts
“p” meaning the average values for precipitation
(Clark and Fritz, 1997).

Note that this equation only calculates the
amount of partial evaporation that affords isotope
shifts. Therefore, neither light rain that evaporates
to dryness nor interception cause any isotope frac-
tionation because they completely evaporate the
deposited water. The amount of light rain that com-
pletely evaporates is assumed to be negligible here
since the Clyde Basin belongs to a humid region,
and the amount of interception is being considered
separately below.

The isotope numbers enter Eq. (4) as per mille
(%.) values that are again divided by 1000. Similar
approaches can be found in Gat and Bowser
(1991), Gat and Matusi (1991) and Gibson et al.
(1999).

Interception (/) is calculated via the leaf area
index for different vegetation types and their pro-
portions in a given watershed (Reichle, 1981; Lange
et al., 1982; Heatherington, 1987; Brooks et al.,
1991; Leopoldo et al., 1995; Gash et al., 1995; Tel-
mer and Veizer, 2000, 2001; Lee and Veizer, 2003).
These data stem from the global continuous field
of vegetation cover at 0.5° (DeFries and Townshed,
1999; DeFries et al., 2000).

Transpiration (7) by plants involves CO, diffu-
sion inward and O, and H,O diffusion outward
via leaf stomata. This loss of water is a major mech-
anism by which soil moisture is returned to the
atmosphere (Schlesinger, 1997; Nobel, 1999;
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Schantz and Piemeisel, 1927; Jarvis et al., 1997; Taiz
and Zeiger, 1991). The transpiration (7)) values can
be calculated by re-arranging Eq. (3) and substitut-
ing into Eq. (2) so that

T=P-Qr—E—1

Subsequently, the net primary productivity (NPP)
can then be estimated for a given basin with

NPP (molesCa™') = T (moles H,Oa ™)
/WUE (moles H,O/moles CO,) (5)

The NPP can also be expressed in moles C
a~! m~2 when divided by the area of the watershed.
The WUE, in turn, depends on the proportion of C3
and C4 plants in the basin. This can be estimated
with data from Still et al. (2003).

Finally, in order to estimate whether a watershed
is a source or sink of CO,, an estimate of the hetero-
trophic soil respiration (Ry,) is required and the net
ecosystem productivity (NEP) of a watershed is
expressed as

NEP (gCa')=NPP (gCa"')—R, (gCa™)
(6)

2.2. Sampling and analytical techniques

Precipitation samples for 8'%0 and 3D measure-
ments were collected monthly from 2003 to 2004
at East Kilbride in the Clyde River Basin. Through
its central position this series reflects the currently
best average of isotopes in precipitation for the
Clyde Watershed. According to standardised sam-
pling methods from the International Atomic
Energy Agency (IAEA) monthly precipitation sam-
ples were collected through a funnel into a 10-L
water tank that contained a 0.5 cm liquid paraffin
film to avoid secondary evaporation effects. River
samples for 8'%0 and 3D measurements were col-
lected every two months about 1 km upstream of
the Clyde River Tidal Weir, the transition to the
estuary. Samples were collected at 1 m depth in
the middle of the river and into 12 mL glass vials.
These were rinsed three times with river water
before being filled.

The 5'%0 was determined after transposing the
water O-isotopic fingerprint to CO, following the
method of Epstein and Mayeda (1953). The CO,
was then measured on an Analytical Precision
(Model 2003) mass spectrometer. The 8D composi-
tions were measured, after separation of H, from

Water on hot chromium, on a VG-Optima dual
inlet isotope mass spectrometer (Donnelly et al.,
2001). Isotope ratios were expressed in the per mille
notation

0= [(H/Lsample - H/Lstandard)/(H/Lstandard)]
x 1000 (%o) (7)

with ‘H’ being the heavy isotope (**0 or D) and ‘L’
the light isotope ('°O or H). The standard for both
isotopes is the Vienna Standard Mean Ocean Water
(VSMOW) and has a mole fraction of 0.00200045
and 0.000155745 for '*0/'°0 and D/H, respectively
(Coplen et al., 2003). Standard deviations of 3'*0
and 6D repeat measurements were +0.2 and +19,.

3. Background data and results

The Clyde River is about 121 km long and drains
an area of 1903.1 km? (Fig. 1). As indicated by the
Scottish Environmental Protection agency (SEPA),
the mean precipitation input to the Clyde River
watershed is 1170 mma~' (P=2.227km’a™").
These values correspond well with averages supplied
by the British Atmospheric Data Centre. The mean
annual discharge from 1963 to 2004 near the Tidal
Weir at the entrance to the estuary is 47.2m>s ™!
(Or=1.489km>a!). This yields a mean annual
amount for evapotranspiration (ET) and intercep-
tion of 0.738 km*a~!. In other words, ~66.8% of
the water entering the basin via precipitation leaves
via runoff and ~33.2% is lost by ET and interception.
These numbers assume no other transport of water
to or from the basin. As long as the water is being
used and recycled within the basin (which is usually
the case) the long-term water balance should not be
affected. In order to isolate the pure evaporation
term (E), stable isotope values of river runoff and
precipitation (Tables 1 and 2) were used in Eq. (4).

3.1. Evaporation

To calculate the mean isotopic inputs and out-
flows of the basin precipitation values at the Strath-
clyde Country Park were used, as it is only a few km
away from the isotope precipitation sampling sta-
tion in East Kilbride. This yielded weighted average
input values of —8.4 and —55%, for 5'%0 and 8D
(Table 1). The mean isotopic output was determined
by the weighted average of runoff and isotope
measurements at the Tidal Weir. This yielded
weighted averages for the output of —8.1 and
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Table 1

Monthly isotope values from East Kilbride and precipitation
heights from the nearby Strathclyde Country Park, both located
in the Clyde Watershed

50 8D  mm Precip. Strathclyde Park
January 2003 —-64 —40 822
February 2003 -84 55 327
March 2003 —6.6 —44 442
April 2003 —8.7 —58 45.1
May 2003 -82 55 101.1
June 2003 51 -28 657
July 2003 -57 =38 473
August 2003 -36 -22 134
September 2003 -55 -33 814
October 2003 -94 —-60 148
November 2003 —-114 -76  83.9
December 2003 -104 —-69 59.1
January 2004 —11.2 —-74 134.0
March 2004 —88 —59 46.6
April 2004 —-10.6 —-71 599
May 2004 —-9.0 —61 539
June 2004 -79 54 658

Weighted average —8.4 —55

Table 2
River isotope data and associated long-term runoff measurements
at the Clyde Tidal Weir shortly before it enters the estuary

Clyde Tidal Weir 31%0 3D Runoff, m*s™!
July 2003 -7.2 19.2
September 2003 -6.9 —44 36.3
November 2003 —8.5 —54 70.6

January 2004 -85 —57 72.6

March 2004 -8.1 -50 55.3

May 2004 -8.6 —55 24.6

July 2004 -7.8 -53 19.2

Weighted average —8.1 —53

—53%., respectively when considering monthly run-
off data (Table 2). The close proximity of the input
and output isotope values already indicates that
only small amounts of water were lost to evapora-
tion in the Clyde River Watershed. This was also
confirmed by plotting 8D and 8'*0 values of all pre-
cipitation samples together with all river samples
from this study (Fig. 2). The 8D and 8'*0 values
of precipitation form a linear regression that is
known as the local meteoric water line (LWML).
In the present study, all river water samples col-
lected over the entire length of the river plot close
to this regression. This shows that evaporation can-
not have significantly influenced the isotopic com-
position of surface water of the Clyde. Otherwise
the surface water samples would plot below the
meteoric water line and form a separate evaporation

880 %. VSMOW

-20 -15 -10 -5
T T T
y =7.291x + 5.267
H 2
; R“=0.973
o
-50

=
[
>

[
o2
o -100 » Precipitation waters
o o Clyde River surface waters

— Local meteoric water line
-150

Fig. 2. Cross plot between 8D and 8'%0 values of precipitation
from East Kilbride and Strathclyde Park (dark points) forming
the local meteoric water line as a linear regression. The river
water samples (white circles) are closely scattered around this
meteoric water line, thus showing no clear evaporation trends of
the surface water. The error bars of repeat measurements are
shown in the top-left of the figure.

line due to more rapid enrichment of the remaining
water in '80 (Clark and Fritz, 1997). This is only
true for a few surface water samples from summer,
which plotted too close to each other to construct a
reasonable regression line. Due to this unsatisfac-
tory surface water evaporation trend line, the aver-
age isotope values of precipitation had to be
determined by weighted averages from precipitation
amounts as shown in Table 1, rather than from the
cross-over point between the LMWL and the evap-
oration trend line as practised by Telmer and Veizer
(2000).

The mean long-term annual temperature of the
entire watershed is 8.5°C and the mean annual
humidity of the catchment was determined to be
0.82%. Feeding all these conditions into Eq. (4)
yielded the proportion of water entering the basin
that is lost to evaporation as 0.0129. In other words,
annually 1.3%, or 0.029 km?a~!, of the incoming
precipitation is lost to evaporation.

3.2. Interception

Interception (/), the proportion of precipitation
that is mostly evaporated from plant surfaces, con-
stitutes a significant portion of the water lost other
than runoff (Brooks et al.,, 1991; Lange et al.,
1982; Reichle, 1981; Leopoldo et al., 1995). It
depends on climatic and physical factors and to a
large extent on the type of vegetation cover (Sellers
and Lockwood, 1981; Heatherington, 1987). Here
vegetation types and interception values from the
Global Continuous Fields of Vegetation Cover at
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0.5° were used (DeFries and Townshed, 1999;
DeFries et al., 2000).

The datasets were subdivided into broadleaf, nee-
dle leaf and grassland. Heatherington (1987 and ref-
erences therein) proposed average values of 14.5%
for broad leaf, 35.5% for needle leaf and 9.5% for
grassland for the subsequent calculations. Accord-
ing to DeFries and Townshed (1999) and DeFries
et al. (2000) the vegetation cover in the Clyde River
Basin can be divided into 6.8% broad leaf, 2.5% nee-
dle leaf and 84.5% grassland. The remainder is non-
vegetated land such as sealed surfaces in cities
(Table 3). Multiplying these percentages by the
appropriate interception value of each leaf type
results in 9.9% of the incoming precipitation leaving
the watershed via interception. This amounts to a
volume of 0.220 km® a~'. The averages for intercep-
tion loss by Heatherington (1987) are based on
empirical data and the calculated 9.9% water loss
by interception is only an approximation. For
instance Lee and Veizer (2003) noted a 50% vari-
ability between accepted mean values of intercep-
tion in the literature, which would impart an error
of £15% on the transpiration flux. In addition to
this, any larger areal coverage by trees would render
the amount of water lost to interception larger. Nev-
ertheless the amount of grassland coverage remains
by far the largest proportion in the Clyde Basin so
that the 0.220 km® a~' is the best available evalua-
tion for the interception.

3.3. Transpiration

The transpiration flux (7') can now be calculated
from Eq. (3) and accounts for 22.0%
(0.489 km® a~!) of the annual precipitation input
to the Clyde River Basin. This biological water flux
therefore accounts for the second biggest loss of
water from the basin after runoff. With this isolated
transpiration quantity, the coupling of water and C
cycles in the Clyde Watershed can also be consid-

Table 3

Interception data determined for the Clyde Watershed
Vegetation Area of vegetation Intercepted
type cover, % precipitation, %
Broadleaf 6.8 0.98

Needle leaf 2.5 0.87

Grassland 84.5 8.03
Water/Town 6.2 0.00

Total 100.0 9.88

ered. For this procedure the different water use effi-
ciencies by C3 and C4 plants needs to be considered.

3.4. Distribution of C3 and C4 plants and their water
use efficiencies ( WUE)

The WUE describes the ability of terrestrial
plants to photosynthesise C while simultaneously
losing water to the atmosphere through the stomata
of leafs (Schlesinger, 1997, Nobel, 1999; Schantz
and Piemeisel, 1927; Jarvis et al., 1997; Taiz and
Zeiger, 1991). It depends on the photosynthetic
pathway (C3, C4 or CAM) and on environmental
parameters such as light intensity, humidity, tem-
perature, precipitation and CO, concentration
(O’Leary, 1988; Ehleringer et al., 1991, 1997; Orsen-
igo and Patrignani, 1997; Pessarakli, 1997; Gillon
et al., 1998; Saga and Monson, 1999). From a global
perspective, the photosynthetic pathway is the most
important variable for the ability of an ecosystem to
fix C (Ehleringer and Cerling, 2002).

Values for the long-term WUE by Jones (1992)
list averages of 1 mol CO, per 1000 mol H,O for
C3 plants and are similar to those from Molles
(2002) with 1 mol CO, per 850 mol. C4 plants are
known to have a lower WUE, but were not consid-
ered here because the study area is completely dom-
inated by C3 plants. This was also confirmed by the
plant-type distribution maps of Still et al. (2003),
Collatz et al. (1998) and DeFries and Townshed,
1999). The input WUE for the following calcula-
tions thus was assumed with a value of 925 moles
H,O:mole CO,.

3.5. Net primary productivity (NPP) and net
ecosystem productivity (NEP)

The net primary productivity (NPP) is the
amount of new plant volume for a specified area
over a defined time period, or in other words the
total photosynthetic amount minus the respiratory
losses of plants per defined surface area (Thompson
et al., 1996). In the present approach the NPP can
be calculated from Eq. (5). This calculation yields
an annual NPP for the Clyde River watershed of
352x10° g C (Giga gram = Gg), or an average of
185.2 g C m~2 (Table 4).

In order to calculate the net C budget for the
Clyde Watershed, the NPP has to be compared with
the heterotrophic soil respiration Ry,. Subtracting Ry,
from the NPP yields the Net Ecosystem Productiv-
ity (NEP) that defines whether an ecosystem is a
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;rzrl;lriliry of annual transpiration, net primary production and annual net ecosystem production
Annual transpiration Annual NPP Annual heterotrophic soil respiration (Ry) Annual NEP
Unit: km?® H,0 Giga g C gm? Giga g C Giga g C
Clyde River 0.489 352 185.2 392 —40
Watershed

C sink or source (Thompson et al., 1996; Kirsch-
baum, 1995, 2000; Valentini et al., 2000; Buchmann
and Schulz, 1999; Potter et al., 2003a,b). Soil respi-
ration is one of the main pathways by which ecosys-
tems can return CO, to the atmosphere (Brown and
Lugo, 1982; Schlesinger and Andrews, 2000). It is
composed of two parts:

(A) The heterotrophic part that includes microbes
and decaying organic matter (Ry,).

(B) The autotrophic part that includes the activity
of the plant root system (R,).

The latter is already incorporated into the NPP
because the long-term WUE defines C sequestration
of entire plants above and below ground. Hanson
et al. (2000) reviewed several methods to determine
soil CO, emissions and estimated R, to be 60.4% of
the total C flux in predominantly non-forested
regions such as the Clyde Watershed. Therefore,
Ry, was determined to be 39.6% by subtracting R,
from the total C flux from the soil. With the latter
being 520.5g Cm 2a~! (Raich and Potter, 1995),
R, assumes a value of 206.1gCm 2a ' or
392 Gg for the Clyde Watershed (Table 4). Sub-
tracting this value from the above-determined
NPP, the Clyde River watershed appears to be a
CO, source to the atmosphere with an annual
NEP of —40 GgC (Eq. (6), Table 4). This value
could be closer to zero if the estimate for root respi-
ration (R,) assumes a bigger portion due to longer
growing seasons thus lowering the contribution of
decaying litter and microbes (Ry,).

Other studies on grassland and temperate ecosys-
tems have often characterised these ecosystems as
either slight CO, sinks or in photosynthesis/respira-
tion balance (Malhi and Grace, 2000; Grace and
Rayment, 2000; Meir and Grace, 2002). Neverthe-
less, error bars for all these studies, including the
present one, can significantly exceed the claimed
magnitudes of the proposed sources, thus underlin-
ing the uncertainty in whether the Clyde Watershed
is indeed a C source to the atmosphere.

4. Discussion

The uncertainty of the determined evaporation
term is controlled by the repeatability of the iso-
tope measurements, but also by terms such as the
estimated humidity and the estimated isotopic com-
position of the atmospheric water vapour. These,
particularly the latter two terms, are difficult to
determine and it therefore remains a challenge to
place an overall uncertainty estimate on the water
balance by propagation of error analyses. Yet this
method yields a reasonable estimate of the evapo-
ration component (without interception and com-
plete evaporation) as confirmed by the closeness
of the surface water samples to the meteoric water
line. On the other hand the interception term
depends on the detail of the data and has to be
regarded as a rough approximation. Nevertheless,
it lies within the ranges of interception values
observed in the region. As a result the uncertainty
of the transpiration term, depends strongly on the
variability of the calculated values for interception
and evaporation but is also controlled by the input
data for precipitation and runoff. In any case,
regardless of the uncertainties involved in the deter-
mination of each single parameter of this water bal-
ance transpiration plays a major role in the water
balance presented above. With the estimation of
the NPP and GPP the uncertainties are mainly con-
trolled by correct estimates of the water use effi-
ciency applied. Although the Clyde basin was
found to represent a slight C source to the atmo-
sphere it remains close to being in photosynthe-
sis/respiration balance.

With an average precipitation of 1170 mma~',
the Clyde River basin counts among the areas in
Europe with the highest rainfall. Plotting precipita-
tion heights for global vegetation zones against tem-
perature results in a boomerang-shaped plot with
one regime for the cold to temperate zones and
another for the tropical zones (Fig. 3). As expected,
the Clyde Basin plots towards the outer boundaries
of the temperate zone. This confirms that, in terms
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Fig. 3. Annual average values of temperature plotted versus
precipitation for various ecosystems, with the Clyde Watershed
plotting to the outer area or temperate regions.

of precipitation, this area is a European extreme and
could be a global end member.

When plotting NPP versus temperature, the
Clyde Basin falls into the zone of grassland vegeta-
tion, which nicely reflects the predominant vegeta-
tion cover by grasses in the Clyde Basin (Fig. 4).
The lack of correlation in Fig. 4 also shows that,
in a global context, temperature is not a controlling
factor for Transpiration and NPP. Such correlation
can only be found when plotting NPP versus precip-
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Fig. 4. Annual average temperature versus NPP, with the value
determined for the Clyde Watershed plotting in the grassland and
temperate areas.
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Fig. 5. Annual average precipitation versus NPP, with the value
determined for the Clyde Watershed plotting below the general
trend for grassland boreal and temperate areas.

itation (Fig. 5). It is therefore more likely that water
availability can be limiting for NPP also in cold to
temperate ecosystems. However, in this study area
the high precipitation amounts make water avail-
ability an unlikely limiting factor for NPP and
another limiting factor may be the amount of avail-
able sunlight (Nemani et al., 2002, 2003).
Typically, transpiration by ecosystems in cold to
temperate regions recycles about 50-66% of the
incoming precipitation to the atmosphere (Ciais
et al., 1995; Rayner et al., 1999; Sarmiento and
Wofsy, 1999; Prentice et al., 2001). Comparison to
other studies of this type apportion the following
proportions of transpiration as a percentage of the
incoming precipitation: 50% for the Volta Basin
(Freitag et al., 2007), 47% for the Great Lakes Basin
(Karim et al., 2007), 45% for the Ottawa Basin (Tel-
mer and Veizer, 2000) and 59% for the Mississippi
Basin (Lee and Veizer, 2003). For the Clyde it was
determined that only about 22% of the incoming
water is being lost to transpiration and if light is
the limiting factor it can only be the case during
the cold season because during summer daylight is
present for about 20 h per day in Scotland. Assum-
ing that most photosynthetic activity happens dur-
ing this time of year, the availability of light is
unlikely to be a limiting factor for the comparatively
reduced transpiration rates found and its associated
lower NPP in the Clyde Watershed. The most plau-
sible explanation for limited transpiration and NPP
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is therefore the type of vegetation. It is known that
trees, and particularly evergreens, are much more
efficient than grasses in transpiring water as they
are active for the whole year and have deeper root
systems. It is therefore plausible that the Clyde rep-
resents a slight source of CO, to the atmosphere.
For comparison, using similar techniques, Karim
et al. (2007), Telmer and Veizer (2000) and Lee
and Veizer (2003) found slight sinks for CO, for
the Great Lakes, Ottawa and Mississipi Basins,
respectively, while Freitag et al. (2007) found a
slight source of CO, in a savanna and grassland
dominated Watershed of the Volta Basin.

5. Summary and conclusions

The Clyde Watershed receives 2.227 km? of pre-
cipitation per year. Setting this input to be 100%,
the total evapotranspiration flux (ET) and intercep-
tion accounts for 33.14% or 0.738 km> a~! as deter-
mined from long-term runoff data. Using stable
isotope methods and additional background infor-
mation about the area, it was possible to separate
the ET components into

e evaporation (E) of 1.3% or 0.029 km*a~';
e interception (1) of 9.88% or 0.220 km®a~';
e transpiration (7) of 21.96% or 0.489 km®a™!

with respect to the incoming precipitation. The lat-
ter term was used to calculate CO, uptake of the
basin by considering how many moles of water have
to be transpired before one mole of CO, is seques-
tered by the vegetation, the so called water use effi-
ciency (WUE). With predominant C3 plant
coverage and an average long-term WUE of 925
moles H,O per mol CO, the net primary production
(NPP) was determined to be 352x 10° g C (Giga
gram) per year. For the entire basin size of
1903.1 km? this translates to an amount of
185.2 g Cm 2 a ', Comparing this to the heterotro-
phic soil respiration flux (Ry,), the Clyde Watershed
represents a slight net source of CO; to the atmo-
sphere with an annual net ecosystem productivity
(NEP) of —40 Gg C.

Compared to other temperate areas the Clyde
Basin has about half the NPP. As Western Scotland
is an area with one of the highest precipitation
amounts within Europe, it seems unlikely that the
NPP is limited by water availability. Furthermore,
with most NPP occurring through photosynthesis
during the warm season with long daylight hours,

availability of light does not seem to be a limiting
factor either. The most plausible interpretation for
reduced NPP is therefore the type of vegetation
cover, which consists mostly of grassland. It
remains an intriguing question whether the catch-
ment has once acted as a sink for CO, when it
was still covered to a much larger degree with
forests.

The study shows that transpiration from water-
sheds plays an important role in the continental
water balance. Even in an area like the Clyde
Watershed, with predominantly grass and scrub
vegetation, this flux accounts for the biggest loss
of water next to runoff. Together with interception
it accounts for significant biological water fluxes
(i.e., 31.9% of the incoming water). Through agri-
cultural and forest vegetation schemes this biologi-
cal water flux could be influenced on time scales of
years to decades. In a more global context on conti-
nental water balances transpiration is relatively easy
to influence on timescales of decades. Compared to
precipitation and evaporation that are difficult to
control, this may represent an avenue to devise
schemes against flooding or droughts and to influ-
ence C sequestration.
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