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SUMMARY

An investigation was made during 1988 to test the hypothesis that ‘Grasslands Huia’ white clover
(Trifolium repens L.) could be eliminated under close sheep grazing. The effects of grazing
management, topography and fertilizer on the contribution of Huia plants to the white clover
population in an 85 ha experimental upland pasture ecosystem in the southern North Island, New
Zealand (lat. 40° 20{ S, long. 175° 50{ E, 125–350 m altitude) were quantified 11 years after
oversowing. Replicated sampling sites (108 in total) were located on nine combinations of slope and
aspect within grazing management treatments comprising rotational grazing with cattle (RC),
rotational grazing with sheep (RS) and continuous grazing with sheep (CS), with high and low
fertilizer treatments in each case. White clover occurrence, leaf area, phosphoglucoisomerase-2
(PGI-2) allele frequencies and the proportion of Grasslands Huia plants in the white clover population
were determined at each site. White clover frequency was lower on steeper slopes. Aspect, slope and
grazing management affected area of individual clover leaves. The proportion of Huia plants in the
white clover population averaged 54±9, 49±0 and 33±6% for RC, RS and CS, respectively (P! 0±039,
5 ..). Fertilizer and topography did not affect the proportion of Huia. It was concluded that
although Huia did persist after 11 years of close sheep grazing, its contribution to the total white
clover population was unsatisfactory in some cases, and use of better adapted cultivars is suggested.

INTRODUCTION

White clover (Trifolium repens L.) is the main pasture
legume in many temperate grasslands, and contributes
nitrogen through fixation, improves the nutritive
value of the herbage, and complements the growth
pattern of the main grass species (Frame 1993; Sprent
& t’Mannetje 1996). In low fertility New Zealand
upland pastures the content of white clover and other
legumes is commonly less than 15% of the biomass
(Lambert et al. 1986a) and thus is a limitation to
production (Lambert et al. 1983). Procedures for
increasing the legume content include manipulating

* To whom all correspondence should be addressed.
Email : barkerd!agresearch.cri.nz

the genotypic composition of white clover by over-
sowing more productive cultivars, alleviation of
deficiencies in soil nutrition and introduction of more
intensive grazing management (Lambert et al. 1986b).

The genotypic composition of a species within
pasture is highly responsive to management and
topography. This change usually results from natural
selection, i.e. survival of genotypes best adapted to
their immediate environment and loss of those that
are not (Brock & Caradus 1995). Harris & Brougham
(1970) found lax grazing resulted in dominance of a
ryegrass population by genotypes more similar to
annual ryegrass (Lolium multiflorum Lam.) and that
continuous grazing resulted in dominance by geno-
types more similar to perennial ryegrass (L. perenne
L.). Clements & Easton (1974) found that five years of
continuous sheep grazing reduced mean leaf size and
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changed the esterase isozyme frequencies of a Holcus
lanatus L. var Massey Basyn population, compared
with the original seed line sown. Little is known about
management effects on the genotypic composition of
white clover populations.

Where the genotypic composition of a species
within pasture is modified by introduction of new
germplasm, there is usually partial replacement of the
original population by the sown cultivar, and loss of
new cultivar genotypes not adapted to the environ-
ment into which they were placed. In New Zealand
upland pasture the persistence of an oversown line
of Lotus pedunculatus Cav. (‘Grasslands Maku’)
was investigated in relation to management and
topography, and its contribution to the Lotus
pedunculatus population was found to vary with slope
and aspect (Hopkins et al. 1993). Sanders et al. (1989)
found the contribution of L. perenne L. var Grasslands
Nui in the L. perenne population of dry New Zealand
upland pasture averaged 26% five years after over-
sowing. Similarly for white clover, using cyanogenesis
as a marker, it was calculated in upland pasture that
at 5 years after oversowing Huia contributed 67% to
white clover production under rotational grazing with
cattle, 39% under rotational grazing with sheep, and
31% under continuous grazing with sheep (Lambert
et al. 1986b). Chapman et al. (1993a, b), also using
cyanogenesis, determined that Huia and ‘Grasslands
Tahora’ cultivars contributed 43 and 58%, respec-
tively, to the white clover population 4 years after
oversowing in upland pasture under sheep grazing. At
8 years after oversowing, the respective contributions
of Huia and Tahora were 13±7 and 56±1% (Chapman
1997). Using ‘ feather-mark’ Grasslands Huia white
clover it was found that less than 10% of transplants
survived 3 years under predominantly sheep grazing,
but 38% survived under predominantly cattle grazing
(Charlton 1984). Although these short-term studies
concluded that Huia had poor persistence in upland
pasture, no studies have been conducted to determine
whether or not Huia is eliminated in the long term.

One method for determining the proportion of a
cultivar sown into an existing sward uses the relative
frequencies of isozyme bands (electromorphs) of the
enzyme phosphoglucoisomerase-2 (PGI-2) (Gilliland
et al. 1982; Kennedy et al. 1985; Prins et al. 1989;
Sanders et al. 1989, Adam et al. 1993; Wedderburn et
al. 1996). The PGI system in white clover was
investigated by Michaelson-Yeates (1986) and in a set
of 45 families five alleles (A, B, C, D and F) were
found at the PGI-2 locus. As white clover is a
tetraploid (2n¯ 4x¯ 32), any gene locus can be
represented by four different alleles. For the enzyme
PGI-2, the maximum number of alleles in any
individual plant was three, with CC homozygous in
virtually all plants. Michaelson-Yeates (1986) showed
that white clover behaved as an amphidiploid and
this, together with the fixed CC allele, enabled the

statistical methodology of a diploid (Kennedy et al.
1985) to be modified for white clover. Where cultivars
with different allele frequencies are sown in mixture,
the resultant population will have an allele frequency
which is a combination of the allele frequencies of the
individual cultivars, weighted in proportion to the
respective contribution of each cultivar to the popu-
lation. Using this approach, Prins et al. (1989) found
‘Grasslands Kopu’ contributed 43% to the white
clover population of sheep-grazed lowland pasture 10
years after establishment. Adam et al. (1993) found
the contribution of Huia to an upland white clover
population varied between 24 and 100% at 18 months
after oversowing. Wedderburn et al. (1996) found the
contribution of the cultivar ‘Prop’ to an upland white
clover population varied between 16 and 58% at 27
months after oversowing.

The objectives of this paper are firstly, to report the
PGI-2 allele frequencies from electrophoretic analysis
of pure lines of ‘Grasslands Huia’ white clover and
the resident clover, and of mixed populations of these
lines ; secondly, to determine the relative contribution
of Huia plants to the white clover population under
management (fertilizer, cattle}sheep grazing) and
topography (slope and aspect) treatments, 11 years
after the most recent oversowing, and thirdly, to test
the hypothesis that Huia could be eliminated under
close sheep grazing.

MATERIALS AND METHODS

Grazing trial

A trial was initiated in 1974 at the Ballantrae Hill
Country Research Station (lat. 40° 20{ S, long. 175°
50{ E, 125–350 m altitude) in the southern North
Island of New Zealand, to investigate the influence of
fertilizer application and grazing management on an
upland pasture ecosystem (Lambert et al. 1983). The
experimental area was 85 ha, and included 12 farmlets
of 5–15 ha each. Average annual rainfall was 1280 mm
and mean air temperature 12±2 °C. Soils had a fine
sand and silt texture, were derived from Tertiary
sediments with a small amount of loess on flatter
areas, and had an initial extractable (Olsen) P
concentration of 6 mg P per kg dry soil. Pasture
botanical composition changed through the trial
period but the most dominant grasses were Agrostis
capillaris L., Anthoxanthum odoratum L. and L.
perenne L., and the most dominant legume was white
clover. Farmlet treatments comprised an incomplete
factorial arrangement of four levels of superphosphate
(0–9–0–11) fertilizer, four levels of grazing man-
agement, and unequal replication (Table 1). Further
details are given in Lambert et al. (1983).

A mixture of seed of four legume species (white
clover cv. Grasslands Huia, T. pratense L., Lotus
pedunculatus Cav. and T. subteranneum L.) was over-
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Table 1. Treatment structure for 12 farmlets, comprising an incomplete factorial arrangement of four levels of
superphosphate (0–9–0–11) fertilizer and four levels of grazing management

Fertilizer application (kg P}ha}year) Grazing management Stocking rate
during 1988

Treatment 1973–1981 1982–1988 Type Animal Replicates (ewes}ha)

H-RS 46* 46 Rotational Sheep 1 16±1
H-RC 46* 46 Rotational Cattle† 1 16±1
H-CS 46* 46 Continuous Sheep 3 16±1
HN-CS 46* 0 Continuous Sheep 1 16±1
L-RS 13 13 Rotational Sheep 1 10±3
L-RC 13 13 Rotational Cattle† 1 10±3
L-CS 13 13 Continuous Sheep 3 10±3
LN-CS 13 0 Continuous Sheep 1 10±3

* Also ground lime in 1975 and 1979.
† Cattle grazing 1975–1981; sheep grazing 1982–1986; sheep, goat and cattle grazing 1987–1988.

sown by air, without any prior sward treatment, in
June 1974 and again in October 1977 (Lambert et al.
1986b). The white clover sowing rate was 2±5 kg}ha.

Field sampling

Sampling sites were located on nine combinations of
three slopes and three aspects within the 12 farmlets
(9¬12¯ 108 sites). Slope classes were micro-topo-
graphical zones of 1–12°, 13–25° and " 25°, equating
to tracks}camps, slopes and banks, respectively
(Rumball & Esler 1968). Aspect classes were NW, SW
and E facing slopes. During late-spring}early-summer
1988 the presence or absence of white clover was
recorded within 50 equal subdivisions of a 0±5 m#

quadrat at 12 places within an approximately 15 m#

area at each of the 108 sites. Twelve white clover
plants were collected from each sampling site
(12 farmlets¬3 slopes¬3 aspects¬12 plants¯ 1296
plants in total) for isozyme analysis and the area of
the youngest fully mature leaf of each plant measured
using the method of Williams et al. (1964). Individual
plants were identified at the first occurrence of white
clover within the quadrat (above), were separated by
1–3 m, and comprised at least one stolon tip, one
rooted node and 5–10 leaves.

In addition to plants from the field, the allele
frequency of PGI-2 allozymes was determined for
approximately 100 glasshouse-grown seedlings for
both ‘Grasslands Huia’ and the resident white clover
population ‘Ballantrae’. The Huia that was char-
acterized was not identical to the actual seed line
sown, but was an equal mix of four lines harvested in
1973 and 1977 (Grasslands accession numbers C2897,
C2900, C3892, C3893). The ‘Ballantrae’ that was
characterized was a mixture of four lines harvested
from four locations within the trial area in 1973, prior

to any oversowing (Grasslands accession numbers
C2742, C2743, C2744, C2745).

Gel electrophoresis

Themethod of electrophoresis followed that of Shields
et al. (1983). Leaf supernatant from individual plants
was prepared on the same day as the field sampling.
Leaf tissue (c. 0±1 g from each of 1296 white clover
plants) was ground with sand in 0±5 ml of extraction
buffer (0±1  Tris}HCl, pH 8±0, 0±1% ascorbic acid,
0±114  α-mercaptoethanol, and 10% sucrose) and
then centrifuged (10000 g for 5 min) to remove debris,
and the supernatant frozen until required. For
analysis, supernatant was thawed and 15 µl loaded
into wells in 0±75 mm thickness polyacrylamide gels.
The gels were prepared using a tris}glycine buffer
system and the electrophoresis run in Biorad Box Kits
(Model 220). An 11% stacking gel (pH 6±8, 60 mV)
and a 5% running gel (pH 8±8, 200 mV) were used.
Gel buffer solutions and phosphoglucoisomerase
(PGI) staining protocol were according to Hayward
& McAdam (1977).

In addition to the five alleles (A–E) reported by
Prins et al. (1989), a K allele was found slightly
anodal to C at a high frequency in the resident and
mixed populations (Williams et al. 1998). Two other
alleles were found at a low frequency (! 0±1%),
namely, W slightly cathodal to C, and M closely
anodal to C, and these were totalled with K for
statistical analysis. In standard gels K, W and M
merged and produced an identifiable wider band at
the C position; however, analysis of these alleles using
gradient gels (Williams et al. 1998) has shown that
they segregate normally. An experienced operator
could readily identify the unusually wide C band
indicative of the presence of K or M in standard gels.
Eight plants not conforming to the ‘fixed-C allele ’
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Table 2. Hardy–Weinberg expectations for the 16 phosphoglucoisomerase (PGI-2) phenotypes occurring in pure
populations of ‘Grasslands Huia ’ and ‘Ballantrae ’ resident white clover, and 11 populations (i¯1–11) mixed in
the proportions of p

i
Huia and (1-p

i
) Resident ; a

h
, b

h
, c

h
, d

h
, e

h
, k

h
, and a

r
, b

r
, c

r
, d

r
, e

r
, k

r
, are the frequencies

of alleles A, B, C, D, E and K for Huia and ‘Ballantrae ’ resident, respectively

Phenotype*
Expectations
for Huia†

Expectations
for Resident†

Expectations for a mixture
of Huia and Resident

AACC}ACCC a#
h
2a

h
c
h

a#
r
2a

r
c
r

p
i
(a#

h
2a

h
c
h
)(1®p

i
)(a#

r
2a

r
c
r
)

ABCC 2a
h
b
h

2a
r
b
r

p
i
(2a

h
b
h
)(1®p

i
)(2a

r
b
r
)

ADCC 2a
h
d
h

2a
r
d
r

p
i
(2a

h
d
h
)(1®p

i
)(2a

r
d
r
)

AECC 2a
h
e
h

2a
r
e
r

p
i
(2a

h
e
h
)(1®p

i
)(2a

r
e
r
)

AKCC 2a
h
k
h

2a
r
k
r

p
i
(2a

h
k
h
)(1®p

i
)(2a

r
k
r
)

BBCC}BCCC b#
h
2b

h
c
h

b#
r
2b

r
c
r

p
i
(b#

h
2a

h
c
h
)(1®p

i
)(b#

r
2a

r
c
r
)

BDCC 2b
h
d
h

2b
r
d
r

p
i
(2b

h
d
h
)(1®p

i
)(2b

r
d
r
)

BECC 2b
h
e
h

2b
r
e
r

p
i
(2b

h
e
h
)(1®p

i
)(2b

r
e
r
)

BKCC 2b
h
k
h

2b
r
k
r

p
i
(2b

h
k
h
)(1®p

i
)(2b

r
k
r
)

CCCC c#
h

c#
r

p
i
(c#

h
)(1®p

i
)(c#

r
)

DDCC}DCCC d#
h
2c

h
d
h

d#
r
2c

r
d
r

p
i
(d#

h
2c

h
d
h
)(1®p

i
)(d#

r
2c

r
d
r
)

DECC 2d
h
e
h

2d
r
e
r

p
i
(2d

h
e
h
)(1®p

i
)(2d

r
e
r
)

DKCC 2d
h
k
h

2d
r
k
r

p
i
(2d

h
k
h
)(1®p

i
)(2d

r
k
r
)

EECC}ECCC e#
h
2c

h
e
h

e#
r
2c

r
e
r

p
i
(e#

h
2c

h
e
h
)(1®p

i
)(e#

r
2c

r
e
r
)

EKCC 2e
h
k
h

2e
r
k
r

p
i
(2e

h
k
h
)(1®p

i
)(2e

r
k
r
)

KKCC}KCCC k#
h
2c

h
k
h

k#
r
2c

r
k
r

p
i
(k#

h
2c

h
k
h
)(1®p

i
)(k#

h
2c

r
k
r
)

* K was the total of k, m and w alleles, the latter two being at a frequency of ! 0±4%.
† Where a

h
b

h
c

h
d

h
e

h
k

h
¯ 1 and a

r
b

r
c

r
d

r
e

r
k

r
¯ 1.

model (Michaelson-Yeates 1986) were omitted from
analysis. The genotypes AACC and ACCC, BBCC
and BCCC, DDCC and DCCC, EECC and ECCC,
and KKCC and KCCC had identical banding patterns
(within pairs) and expectations for these were pooled.
Retrospective analysis of gels and laboratory records
suggested incomplete separation of bands for many
plants of one farmlet might have been due to a faulty
reagent. This farmlet was excluded from subsequent
analysis.

Statistical analysis

For the two pure populations, Huia and ‘Ballantrae’,
observed frequencies of the 16 possible PGI-2 pheno-
types were fitted to their Hardy–Weinberg expec-
tations (Table 2) using the non-linear procedure
(PROC NLIN) of the Statistical Analysis System
(SAS) (SAS Institute, North Carolina, USA), to
predict the maximum likelihood mean and asymptotic
standard error for the six alleles.

It was assumed that each field population was a
mixture of plants (or hybrids from natural reseeding)
of only Huia and resident white clover. The two pure
populations and the 11 mixed (field) populations
from the included farmlets were modelled together to
predict the 10 unknown allele frequencies (5 for each
population, with the k allele for each population
calculated as 1®(abcde)), the maximum
likelihood mean proportion of Huia to the white
clover population (p ) for each included farmlet and

the asymptotic standard error for the 21 model
parameters, from the observed PGI-2 phenotype
frequencies. The model was fitted by using 208
equations to predict the 21 unknown model para-
meters (Table 2) from the observed phenotypes
(Tables 3 and 4), using PROC NLIN of SAS.

Further PROC NLIN analyses of PGI-2 pheno-
types were performed to determine the average
contribution of Huia to topographies within farmlets.
Therewere 99analyses (3 slopes¬3 aspects¬11 farm-
lets), one for each sampling site (10–12 plants) and a
separate estimate of p was obtained for each com-
bination of slope, aspect and farmlet.

The proportion of Huia in the white clover
population (p ), white clover occurrence, and mean
clover leaf area were analysed by analysis of variance
(ANOVA) using Type I (incremental) sums of squares
of SAS. There was negligible change in the in-
terpretation when Type III (partial) sums of squares
were used. A split-plot model was used, with fertilizer
and management treatments (farmlets) as main plots,
and slope and aspect treatments (sampling sites) as
subplots. Since there were no significant differences
between H and HN treatments and L and LN
treatments, HN and LN were treated as replicates of
H and L, respectively. Significance tests of proportion
data (p and occurrence) and leaf area were made
following arcsin(x"/#) and log

"!
(x) transformation,

respectively, to ensure residuals from ANOVA were
normally distributed.
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Table 3. Number of observed PGI-2 phenotypes,
maximum likelihood mean allele proportions and
asymptotic standard error (S.E.) in parentheses, for
pure populations of ‘Grasslands Huia ’ and ‘Ballan-

trae ’ resident white clover

Phenotype*
Grasslands

Huia Resident

AACC}ACCC 10 2
ABCC 12 0
ADCC 2 0
AECC 0 0
AKCC 0 4
BBCC}BCCC 35 10
BDCC 9 3
BECC 3 0
BKCC 0 2
CCCC 13 33
DDCC}DCCC 8 4
DECC 1 0
DKCC 1 4
EECC}ECCC 1 0
EKCC 0 0
KKCC}KCCC 4 33
Uninterpretable† 1 (missing C band) 2 (with 4 bands)
Total 100 95

Calculated allele proportions and standard errors in
parentheses

a 0±140 (0±012) 0±035 (0±011)
b 0±350 (0±014) 0±084 (0±011)
c 0±346 (0±019) 0±592 (0±020)
d 0±111 (0±012) 0±044 (0±011)
e 0±028 (0±012) 0
k 0±026 (0±013) 0±245 (0±013)

* K was the total of k, m, and w alleles, the latter two
being at a proportion of ! 0±004.
† Omitted from analysis.

RESULTS

‘Grasslands Huia’ and ‘Ballantrae’ white clover had
distinctly different PGI-2 allele frequencies, with Huia
having a higher frequency of B alleles and a lower
frequency of C and K alleles than ‘Ballantrae’ (Table
3). ‘Ballantrae’ had no E allele.

There were large differences in the PGI-2 phenotype
frequencies among the 11 farmlets, with the range in
calculated proportion of Huia to the population (p )
between 0±26 and 0±65 (Table 4). The maximum
likelihood ratio for model lack of fitwas not significant
(χ#¯ 141±6 with 174 .., P¯ 0±966), and showed a
good fit of the model to the observations. Fitting a
simpler model to determine p for the grazing
treatments RS, RC and CS gave proportions of 0±49,
0±55 and 0±34 Huia in the white clover population,
respectively. The maximum likelihood ratio test for
grazing treatment effects (χ#¯ 11±7 with 2 ..,
P¯ 0±003) was significant, showing a significant effect

of grazing treatments. The maximum likelihood ratio
test for fertilizer effects was not significant (χ#¯ 2±4
with 1 .., P¯ 0±121).

The statistical model adequately determined a
separate estimate of p for each combination of slope,
aspect and farmlet (n¯ 10 to 12 plants), although the
asymptotic standard error (range of .. 0±186–0±338,
mean¯ 0±221) was greater than when larger popu-
lations were used. Analysis of variance of the modelled
proportion of Huia (p ) for the management by
topography summaries (Table 5) found a significant
difference (P¯ 0±039) among management treatments
(mean ..¯ 3±45, 5 ..) in agreement with the
maximum likelihood ratio test. The fertilizer main
effect and the fertilizer¬management interaction were
not significant (P&0±20, 5 ..). There were no
significant effects of slope, aspect, or slope¬aspect
interaction (P" 0±15, 40 ..) on the contribution of
Huia to the white clover population (Table 5). The
only significant interaction for the contribution of
Huia to the white clover population was a four-factor
interaction (management¬fertilizer¬aspect¬slope)
(P¯ 0±041, 40 ..). However, when fertilizer treat-
ments were analysed separately the respective three-
factor interactions were not significant (P" 0±1,
24 ..).

On average, 79±9% of the 0±1¬0±1 m areas sampled
in the field contained white clover. Slope was the only
treatment significantly affecting white clover occur-
rence (P¯ 0±026, 48 ..), with high, medium and flat
slopes averaging 77±6, 84±3 and 87±0% of quadrat
squares having white clover present (..¯ 2±4,
48 ..). All other effects were not significant
(P" 0±12, 48 ..). A similar range was found for RC,
RS and CS: 89±8, 82±3 and 76±8%, respectively,
although, the larger standard error for main plots
(5±0) resulted in this difference being not significant
(P¯ 0±19, 6 ..).

The area of individual white clover leaves varied
significantly with aspect, slope, grazing and certain of
the interactions between these main effects. Table 6
shows means and standard errors for factor main
effects. A significant slope¬fertility¬management
interaction effect was the result of a significant
management¬slope interaction at high fertility, with
no corresponding interaction at low fertility (data not
shown). No significant relationship between con-
tribution of Huia to the white clover population and
the area of individual white clover leaves was found
(R#¯ 0±04).

DISCUSSION

White clover was not uniformly distributed in upland
pastures, and factors affecting its distribution included
grazing management, fertilizer application, topogra-
phy and genotypic composition of the population. In
contrast to the original hypothesis and the previous
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Table 4. Observed PGI-2 phenotypes and proportion of ‘Grasslands Huia ’ plants (p) calculated using the
Hardy–Weinberg expectations given in Table 2. The 208 equations were fit as a single model to the observations
to predict 11 values of p

i
for populations with contrasting history of fertilizer application and grazing management

(see Table 1 for treatments and abbreviations)

L LN H HN

Phenotype* RS RC CS CS CS CS RS RC CS CS CS

AACC}ACCC 5 4 4 5 3 3 6 4 4 6 6
ABCC 3 2 3 3 3 1 2 2 2 0 3
ADCC 0 0 1 0 1 1 0 0 0 0 1
AECC 0 0 0 0 1 1 0 0 0 0 0
AKCC 0 2 1 1 3 3 0 5 1 3 5
BBCC}BCCC 30 26 15 12 19 10 23 28 19 26 17
BDCC 5 5 5 8 7 3 4 3 2 2 3
BECC 0 6 1 0 0 2 0 3 2 2 3
BKCC 3 1 1 6 6 6 2 1 2 1 3
CCCC 11 18 36 22 20 35 22 19 27 32 26
DDCC}DCCC 2 4 9 7 2 7 8 5 2 8 10
DECC 1 0 0 0 0 1 1 0 0 0 0
DKCC 10 8 3 2 6 3 4 6 8 3 3
EECC}ECCC 2 3 4 2 2 6 7 2 4 4 4
EKCC 1 1 1 1 2 0 0 7 3 0 1
KKCC}KCCC 33 28 19 38 28 26 25 21 31 21 20
Uninterpretable† 2 0 5 1 5 0 4 2 1 0 3
Total 108 108 108 108 108 108 108 108 108 108 108

p, % 0±508 0±536 0±398 0±315 0±376 0±267 0±489 0±649 0±340 0±465 0±440
.. 0±068 0±068 0±070 0±071 0±069 0±071 0±069 0±068 0±070 0±068 0±067

* K was the total of k, m, and w alleles, the latter two being at a proportion of ! 0±004.
† Omitted from analysis (indistinct bands or evidence of variation in fixed-CC)

suggestions from shorter-term studies that Huia might
be eliminated under grazing in upland pastures
(Charlton 1984; Chapman 1997), this study found
that Huia remained persistent at an average 39% of
the white clover population after 11 years of close
sheep grazing. Better persistence of Huia under
rotational grazing with cattle was consistent with
previous studies (Charlton 1984; Lambert et al.
1986b). Huia is a medium-leaved variety, whereas the
resident clover was a small-leaved type, morpho-
logically similar to Kent wild white (Lambert et al.
1986b). Differences in the performance of varieties of
white clover of different leaf size, when compared
under rotational grazing v. continuous grazing, or
under cutting v. continuous sheep grazing, have
generally shown advantages to small-leaved types
under continuous grazing (Evans & Williams 1987;
Brock 1988; Swift et al. 1992; Brock & Caradus
1995). Differences in varietal response are attributed
more to the frequency of defoliation, than other
effects of grazing behaviour such as treading or
excreta return (Curll & Wilkins 1983). White clover
responds to repeated defoliation of the type en-
countered under continuous sheep grazing, with red-
uctions in leaf area and stolon production (Brisen4 o de
la Hoz & Wilman 1981). The relatively greater carbon

allocation to stolons for small-leaved types allows
them to maintain a higher stolon density in the sward
(Wilman & Asiegbu 1982). In the present study the
proportionately greater contribution of the resident
white clover, ‘Ballantrae’, in the clover gene pool on
the CS farmlets, and corresponding greater pro-
portion of Huia in the RC farmlets, is consistent with
this explanation. Clark et al. (1984) examined de-
foliation intervals within the trial utilized for this
study and these were generally less for CS than RS.

The lack of any phosphorus fertilizer effect on the
contribution of Huia to the white clover population is
consistent with the result of Chapman et al. (1993a)
who found no effect of phosphate fertilizer on the
contribution of Huia to white clover populations in
upland pastures. Such a result suggests a similar
response to phosphate for the two clover populations.
Both Hart (1986) and Caradus et al. (1992) have
reported that Huia and selections from hill country
material have relatively similar P responses.

Electrophoretic identification of phosphogluco-
isomerase-2 (PGI-2) allele frequencies was a useful
technique for determining the proportion of Grass-
lands Huia to the white clover population of long-
term field pastures. This method integrated contri-
butions from cross pollination and natural reseeding,
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Table 5. Proportion of ‘Grasslands Huia ’ (p) in 99 white clover populations calculated using the Hardy–Weinberg
expectations given in Table 2. Each population comprised 10–12 plants from a factorial combination of slope
(0–12°, 13–25°, " 26°) and aspect (east, south-west, north-west) within 11 farmlets (see Table 1 for treatments

and abbreviations)

L LN H HN

Slope Aspect RS RC CS CS CS CS RS RC CS CS CS Mean

0–12° E 0±807 0±486 0±775 0±493 0±332 0±048 0±208 0±506 0±182 0±236 0±279 0±442
0–12° SW 0±572 0±411 0±864 0±312 0±541 0±637 0±0 0±766 0±316 0±460 0±415 0±456
0–12° NW 0±525 0±476 0±241 0±131 0±241 0±036 0±604 0±661 0±468 1±061 0±446 0±511
13–25° E 0±109 0±545 0±009 0±104 0±236 0±266 0±239 0±188 0±446 0±598 0±657 0±300
13–25° SW 0±356 0±202 0±162 0±389 0±440 0±0 0±768 0±378 0±091 0±108 0±528 0±366
13–25° NW 0±219 0±389 0±193 0±301 0±031 0±343 0±430 1±090 0±324 0±250 0±178 0±418
" 26° E 0±320 0±351 0±518 0±272 0±577 0±425 0±539 0±619 0±0 0±0 0±783 0±423
" 26° SW 0±095 0±744 0±334 0±273 0±403 0±318 0±348 0±250 0±281 0±528 0±198 0±351
" 26° NW 0±481 0±566 0±069 0±067 0±286 0±154 9±525 0±624 0±601 0±329 0±303 0±459

Mean 0±387 0±463 0±352 0±260 0±343 0±247 0±407 0±565 0±301 0±397 0±421 0±375

Table 6. Mean area per white clover leaf (cm#}leaf ) for
three grazing management treatments, three slope
classes, three aspects and two fertilities (abbreviations
as for Table 1) ; log

"!
-transformed data and S.E. in

parentheses

Effect ..

Grazing
management RC RS CS

1±82 1±41 1±01
(0±56) (0±23) (®0±036) (0±139, 6 ..)

Slope 0–12° 13–25° " 26°
1±53 1±48 1±24
(0±30) (0±29) (0±17) (0±041, 48 ..)

Aspect E NW SW
1±32 1±36 1±56
(0±17) (0±22) (0±37) (0±041, 48 ..)

Fertility H L
1±54 1±29
(0±33) (0±18) (0±12, 6 ..)

vegetative spread of Huia stolons, and survival of
original plants. This study assumed that the mixture
of four Huia lines characterized for PGI-2 had a
similar frequency to the Huia oversown. This as-
sumption was justified by the facts that Huia is a
cultivar with identifiable parentage; that the Huia
seed characterized for PGI-2 frequency was of similar
age to the seed oversown; and that the PGI-2
frequency was similar to another population harvested
in 1985 (W. Williams unpublished). It was further
assumed that the PGI-2 frequency of the resident
population was identical across the range of treat-
ments sampled. This assumption was consistent with

previous PGI-isozyme studies (Prins et al. 1989;
Sanders et al. 1989), and the ‘Ballantrae’ seed used
was a mixture from four sites within the trial area.

Since this isozyme method was based on individual
plants, differences in productivity per plant would
bias determination of the contribution to biomass.
The average 54±9, 49±0 and 34±3% contribution of
Huia to the white clover population for RC, RS and
CS, respectively, for this study was consistent with the
67, 39 and 31% contribution of Huia to the white
clover production determined using cyanogenesis by
Lambert et al. (1986b) within the same trial 6 years
previously. The lower contribution of plants to the
clover population found in this study for RC (54±9%)
than for production in the study of Lambert et al.
(1986b) (67%) is consistent with the greater relative
productivity per plant of Huia determined by Lambert
et al. (1986b). The average proportion of Huia (43%)
4 years after oversowing found by Chapman et al.
(1993a, b) under sheep grazing in hill country, was
also consistent with the 49% found for RS in this
study. In contrast, however, was the low proportion
of Huia (14%) 8 years after oversowing in the same
study (Chapman 1997). It was possible that the put-
and-take grazing system in their study may have
resulted in a more severe grazing pressure and lower
persistence of Huia than this study.

The relatively high contribution of Huia to some
white clover populations in hill country (24±2, 92±4
and 100%) found by Adam et al. (1993) suggests
there may be potential benefits in herbicide control of
the existing white clover population (not done for this
study). However, the proximity of the Adam et al.
(1993) study to establishment (two years after over-
sowing) suggests loss of Huia might still have been
likely over subsequent years. The absence of any clear
benefit in sown cultivar persistence between two
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herbicide treatments of varying severity (Wedderburn
et al. 1996), and the persistence of Huia without
herbicide treatment in this study, suggests the
conditions for using herbicides to aid white
clover establishment from oversowing require further
definition.

The relatively low contribution of Huia to the white
clover populations questions the suitability of Huia
for use in sheep-grazed upland pasture, an issue also
raised by Charlton (1984). Although the transplant
method of Charlton (1984) may have underestimated
the contribution of Huia resulting from oversowing, it
is likely that it is difficult to dramatically change
upland pasture white clover populations by over-
sowing Huia. The greater proportion of ‘Grasslands
Tahora’ in sheep-grazed upland pasture (58%)
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