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Water stress and water use efficiency of ten white clover cultivars
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Abstract
Ten cultivars of white clover were grown in a glasshouse
at three levels of soil moisture. Leaf productivity was
greatly reduced by moisture stress. The productivity of
cultivars was found to be significantly different under
well-watered conditions. Larger-leaved cultivars tended
to be more productive than those with smaller leaves,
but this difference was lost at high moisture stress
creating a significant cultivar by moisture treatment
interaction. Water use efficiency (WUE) increased with
increasing moisture stress, but within any one moisture
level there were no significant differences between the
cultivars. An integrated measure of WUE is captured by
the level of discrimination against 13C in plants tissue
(∆). Over the range of moisture levels used, a strong
negative correlation was found between ∆ and WUE. A
strong positive correlation was found between productivity and ∆ over the range of moisture treatments,
however, within any one moisture level no significant
relationship was established.
Keywords: carbon isotope discrimination, cultivars,
moisture stress, Trifolium repens, water use efficiency

Introduction
Moisture stress is one of the most important constraints
on the growth and persistence of white clover (Trifolium
repens L.) in many areas of New Zealand, particularly
dry hill country and along the east coast (Williams et al.
1990). Significant reductions in leaf dry weight have
been recorded for white clover in response to increased
moisture stress (Turner 1991). White clover has been
recognised as a species with poor control of water loss,
leaf diffusive resistance does increase with developing
water stress but not sufficiently to prevent transpiration
continuing (Hart 1987).
Several recent studies have looked at drought
tolerance in white clover. Improved productivity and
persistence under low soil moisture conditions have
been found in populations collected from drought prone
areas (Woodfield & Caradus 1987). These populations
were also more taprooted than expected from their shoot
morphology (Caradus & Woodfield 1986), although
selecting for root morphology per se was found to be

less effective in improving drought tolerance than
screening in drought-prone areas (van den Bosch et al.
1993). A high level of plant recovery from buried stolons
has also been implicated in improved drought tolerance
(Chapman & Williams 1990), as has the production of
large nodal roots (Macfarlane et al. 1990).
During water stress plants generally close their
stomata with resultant reduced water loss, decreased
photosynthesis and an overall apparent increase in water
use efficiency (moles of carbon fixed per mole of water
transpired). As stomata close CO2 concentration within
the leaf (ci) lowers and the ratio of 13C/12C assimilated
in photosynthesis is altered. In low ci (i.e. water stressed
plants) ribulose bisphosphate carboxylase (Rubisco)
fixes proportionally more 13 CO2 so the level of
discrimination against 13C (∆) is lowered. Water use
efficiency is thus strongly negatively correlated with
water use efficiency. This correlation has been found in
wheat (Farquhar & Richards, 1984), peanut (Hubick et
al. 1986) and sunflower (Lauteri et al. 1993). ∆ is seen
as a useful tool in plant selection for drought tolerance
and as a measure of relative water stress because it is
easier and quicker to measure than water use efficiency.
This research investigated relationships between ∆,
WUE and productivity, with the objective of assessing
the applicability of carbon isotope techniques in breeding
for increased drought tolerance in white clover. Several
cultivars of white clover have been produced by
traditional breeding techniques that may have significant
drought tolerance and are assessed in this study.

Materials and methods
Ten cultivars of white clover (Table 1) were grown
under three soil moisture levels in 5L buckets without
drainage with five replicates. The Ballantrae soil was
chosen for low nitrogen content and free-draining
properties. Fertiliser was added to the soil to correct all
deficiencies except nitrogen, and the soil was packed
into buckets to a bulk density of 0.889 gcm-3. Plants
were sown ten to a pot and allowed to establish for 27
days, during which the soil moisture level was maintained at just under field capacity. Pots were then clipped
to 5% leaf area and arranged in the science glasshouse
at the University of Waikato in a randomised split plot
design.
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Table 1:

Description of cultivars.

Label

Cultivar

Leaf size

Stolon density

Growth habit

Origin

Prop
Grasslands Tahora
Grasslands Prestige
Sonja
Grasslands Huia
Grasslands Sustain
Grasslands Kopu
Haifa
Brown Loam Syn
Dusi

small
small
medium/small
medium/large
medium
medium/large
large
large
very large
very large

high
high
high
low
intermediate
high
mod. low
mod. low
mod. low
mod. low

prostrate
prostrate
prostrate
long stolons
intermediate
mod. erect
erect, open
mod. erect, open
Ladino, erect
Ladino, erect

NZ, dry hill country
NZ, wet hill country
NZ, Northland
Sweden
NZ
NZ
NZ
Israel
USA
South Africa

i

When the plants had been set up in the glasshouse
and allowed to equilibrate for 10 days, soil moisture
stress was imposed, all pots reaching the required
moisture level within 8 days. The moisture levels were
53, 45 and 19% soil moisture by weight, field capacity
of the soil being 60% soil moisture, and were maintained
by weighing every second day. Pots were moved in
replicate groups every time they were weighed to ensure
environmental variation due to position in the glasshouse
was eliminated.
Two harvests ‘were made, the first 30 days after
establishment of moisture levels, of leaf and petiole
material only. All pots were then rewatered to 53% soil
moisture and maintained for 8 days. Plants were again
clipped to 5% leaf area and moisture levels imposed
once again. During the second drought period the soil
moisture levels were 53,39 and 19% soil moisture. The
intermediate moisture level was lowered in an attempt
to separate WUE and A in control and moderately
stressed plants. The second drought period lasted 24
days, after which the plants were destructively harvested.
Water use efficiency was calculated as the ratio of g leaf
dry matter and kg water used.
Leaf samples were taken for carbon isotope analysis
at both harvests. The dried and ground samples were
analysed on a Dumas method elemental analyser
(NA1500, Carlo Erba Strumentazione, Italy) interfaced
to a stable isotope mass spectrometer (Tracermass,
Europa Scientific Ltd., UK) at the Waikato Stable
Isotope Unit, University of Waikato.

stress (19% soil moisture) these differences were not
apparent, all cultivars having approximately equal
productivity (Figure 1). As the cultivars responded
differently to moisture stress a significant cultivar by
moisture treatment interaction was found, the largerleaved cultivars generally being more sensitive to
moisture stress.
Figure 1:

Mean (n=5) leaf dry weight per pot of cultivars ranked
a-j according to leaf size, at the second harvest. Mean
standard error = 0.89g. Cultivars are significantly
different (~~0.05) at 53 and 39% soil moisture. Cultivar
by moisture treatment interaction; p = 0.0015.

I

Water use efficiency

Results

WUE increased under high moisture stress (Figure 2).
WUE was not significantly different for cultivars under
intermediate soil moisture levels and control conditions.
Within any one moisture level no significant differences
in WUE were found between cultivars.

Productivity

WUE vs A

Leaf dry matter was significantly and progressively
reduced by increasing moisture stress (Figure I). Under
well-watered conditions (53% soil moisture) significant
differences in productivity between cultivars were found,
the larger leaved cultivars tending to be more productive
than those with smaller leaves. Under high moisture

Carbon isotope discrimination was significantly reduced
by moisture stress. No differences between cultivars
were found within moisture treatments. A strong
negative correlation (r = -0.876) was found between
WUE and A. However, within any one moisture level
no relationship was established (Figure 2). A similar
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Figure 2: The relationship between discrimination and WUE at

Figure 3: The relationship between discrimination and leaf dry

the second harvest. Values are means, Mean standard
errors of WUE and A are 0.21 and 0.28 respectively.
0 = 53; 0 = 39; 0 = 19% soil moisture. y = 30.27 1.279x. r = -0.876.

weight at the second harvest. Values are means, n=5.
Mean standard errors of leaf dry weight and A are 0.89
and 0.28 respectively. 0 = 53; 0 = 39; 0 = 19% soil
moisture. y = 5233x - 94.280. r = 0.879.
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result was found for both harvests (harvest 1 data not
shown).

Productivity vs A
A strong positive correlation (r = 0.879) was found
between productivity and A over the range of moisture
levels. However, within the individual moisture levels
no relationship could be established (Figure 3) because
cultivars did not have significantly different A. That is
A failed to discriminate between the significantly
different productivity in well-watered plants. Similar
results were found for both harvests (harvest 1 data not
shown).

Discussion
WUE of cultivars within moisture level showed no
significant differences, indicating little genetic variability
in photosynthetic capacity and control of water loss, the
parameters that define WUE, between the cultivars under
these experimental conditions. Despite larger-leaved
cultivars tending to be more productive than smallerleaved varieties they also used more water and so showed
no increase in water use efficiency. A, an integrated
measure of WUE, supports this conclusion. A decreased
as moisture stress increased, but no significant
differences between cultivars were found within a
moisture level.
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As in species such as wheat (Farquhar & Richards
1984) and peanut (Hubick et al. 1986), a negative
correlation was found between A and WLJE. While this
relationship was robust over the range of soil moisture
levels, no relationship was found within a moisture
level, due to the lack of significant differences between
cultivars for either WUE or A. The correlation implies
that the WUE of a clover plant in the field may be
predicted from A. A strong positive correlation was
found between A and productivity over the range of
moisture levels. This relationship also has potential
predictive power.
Predicting productivity and WUE from A would
greatly reduce the time and effort currently employed
to measure these factors in large-scale screening trials.
However, a number of factors must be considered before
isotope technology can be used. The first consideration
is that environmental conditions, both climatic and soil,
vary considerably from one trial to another, and these
variations will greatly affect A. For WUE and productivity to be accurately predicted from A, calibration
measurements must be taken under the environmental
conditions of the trial. The second factor that must be
considered is the age of the leaf to be analysed. It is the
isotopic ratio of carbon fixed during the period of
interest that must be analysed, not the ratio of the
leaves that are fixing carbon. Older leaves may have
been formed from carbon fixed during a rather different
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set of environmental conditions, e.g. pre-drought, rather
than the environ-mental conditions currently affecting
the plant.
The level of self-shading within a canopy must also
be considered. As plant growth progresses through a
season the level and quality of light reaching the lower
leaves is reduced by self-shading. The reduction in light
affects the photosynthetic rate, and so affects ∆.
Therefore, care must be taken to harvest only leaves
from a similar light environment for carbon isotope
analysis. Other considerations outlined by Farquhar et al.
(1989), such as spatial variation of CO2 within a canopy,
do not apply to white clover as the whole plant is within
the earth boundary layer, so all leaves would be in a
similar CO2 environment.
While little genetic variability was found in WUE
and ∆ between cultivars in this experiment, we suggest
that there may be as much variation in WUE and ∆
between genotypes of the same cultivar as between
cultivars. This intra-cultivar variation may prove to be
more important in terms of breeding for drought
tolerance than inter-cultivar variation.
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