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Abstract Plant growth, morphology and nutri-
tive value under shade can differ between tem-
perate grasses. Therefore, the aim of this study
was to quantify the dry matter (DM) production,
sward morphology, crude protein (CP%), organic
matter digestibility (OMD) and macro-nutrient
concentrations (P, K, Mg, Ca and S) in a grazed
cocksfoot (Dactylis glomerata L.) pasture under
10-year-old Pinus radiata D. Don forest. Four
levels of light intensity were compared: full
sunlight (100% photosynthetic photon flux den-
sity-PPFD), open + wooden slats (~43% PPFD),
trees (~58% PPFD) and tree + slats (~24%
PPFD). The mean total DM production was 8.2 t
DM ha™' yr! in the open and 3.8 t DM ha™' yr!
in the trees + slats treatment. The changes in
cocksfoot leaf area index (LAI) were related to
variations in morphological aspects of the sward
such as canopy height and tiller population. CP%
increased as PPFD declined with mean values of
18.6% in open and 22.5% in the trees + slats
treatment. In contrast, the intensity of fluctuating
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shade had little effect on OMD with a mean value
of 79 £ 3.2%. The mean annual macro-nutrient
concentrations in leaves increased as the PPFD
level declined mainly between the open and the
trees + slats treatments. It therefore appears that
heavily shaded dominant temperate pastures in
silvopastoral systems limit animal production per
hectare through lower DM production rates and
per animal through reduced pre-grazing pasture
mass of lower bulk density from the etiolated
pasture.

Keywords Crude protein - Digestibility -
Fluctuating light regime - Leaf area index - Light
quality - Macro-nutrient concentrations

Introduction

The general aim of silvopastoral systems is to
maximise profitability from a given area of land
using combinations of compatible trees and pas-
tures. Silvopastoralism in New Zealand with wide
spaced conifers planted in native pasture (mainly
ryegrass/white clover pasture) has generally re-
sulted in trees of low timber quality and the
pasture has been poorly adapted to tree compe-
tition (Hawke and Knowles 1997). Studies on
different understory species indicate ways to
maximise pasture production under the increasing
area of trees on farms. Research with low density
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Pinus radiata D. Don stands (200-250 trees ha™)
has suggested that cocksfoot is suitable for
silvopastoral systems due to its shade tolerance
(Joshi et al. 1999; Peri et al. 2001).

Plant growth, morphology and nutritive value
under shade can differ between temperate grasses
(Devkota et al. 1997). Foliar nitrogen concentra-
tion has been shown to increase in shaded
cocksfoot (Sheehy and Cooper 1973), but results
were variable for herbage in vitro digestibility of
grasses (Wong 1991).

A limited number of studies can be found
emphasising effects of shading on nutritive value
of temperate pastures. Most of these results have
been generated by using continuous shading by
cloth (Devkota et al. 1997). However, in silvo-
pastoral systems understorey plants experience
fluctuations in irradiance from full sun to shade
(Peri et al. 2002), but the effects of this on pasture
nutritive value have not been reported. Thus, the
aim of this study was to quantify the response of
cocksfoot dry matter (DM) production, plant
morphology and nutritive value under different
intensities of fluctuating light regimes compared
with an adjacent open site as the control.

Materials and methods
Silvopastoral site

This study was conducted in the Lincoln Univer-
sity silvopastoral experimental area in Canter-
bury, New Zealand (43°38” S and 172°28" E). The
original experiment was established in July 1990
to investigate soil/tree/pasture/sheep/climate
interactions of five Pinus radiata genotypes and
six understorey pasture treatments in a split-plot
design with three replicates, being pasture species
the main plots. The total area planted in trees is
about 5.2 ha with 18 main pasture plots of
462 x 420 m (0.194 ha). After 11 years, the
most persistent grass species was cocksfoot, which
is the focus of this study. An adjacent 1 ha site
without trees, on the same soil type, also had 18
pasture plots (plot size: 27.5 x 18 m) of the same
age. Of these, three were cocksfoot plots, which
were used to provide an open pasture comparison
for the silvopastoral experiment. Additional areas
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of cocksfoot were available to allow 4-plot
grazing rotations under trees and in the open. In
all plots both open and under trees, herbage was
cut and removed for silage during the first 3 years
of the original experiment but since spring 1993
they have been grazed by sheep. The ‘Grasslands
Wana’ cocksfoot pastures were originally sown
with ‘Grasslands Pawera’ red clover (Trifolium
pratense L.), ‘Grasslands Huia’ white clover (7.
repens L.) and ‘Woogenellup’ subterranean clo-
ver (T. subterraneum L.).

The pine trees were planted at 1000 stems ha™'
(7 x 1.4 m) and were periodically thinned at 2.5,
3.5, 4.5 and 6.5 years after planting to the present
uniform population of 200 stems ha™' with 7 m
between rows by 1996. In the first 2 years, tree
rows were strip sprayed (1 m wide) with herbicide
(hexazinone at 2.5 kg active ingredient ha™) to
assist tree establishment. Therefore, plots with
trees had only 86% of their area occupied by
sown pasture. Details of tree characteristics mea-
sured during this trial are given in Table 1. Crown
closure had not occurred at age 10-11 years when
the present experiment was carried out.

The soil is classified as a Templeton silt loam
(Haplusteps) and consists of 1 to 2 m of fine
alluvial sediments over gravels. It is medium to
free-draining with a moderate capacity to hold
moisture (320 mm in the top one meter). The site
has only slight changes in topography, but there is
variation in depth to the underlying gravels.
Neither fertilizer, lime nor irrigation has been

Table 1 Summary of the main stand measurement vari-
ables of radiata pine (Pinus radiata) grown in cocksfoot
plots in the Lincoln University (Canterbury, New Zealand)
silvopastoral experiment at age 9 (1999) and 10 (2000)

Year DBH H BA MCL TCL
(mm) (m) (m2 ha"l) (m) (m ha'l)
1999 230 116 83 5.6 1120
2000 260 133 106 7.3 1450
SD 5.6 1.15 0.89 0.45 109.1

DBH = diameter at breast height (1.4 m from soil);
H = total height; BA = basal area; MCL = mean crown
length; TCL =total crown length per hectare;
SD = standard deviation

Note: mean crown length (MCL) was derived by
subtracting pruned from total height. Total crown length
(TCL) per hectare, reflecting changes in the canopy after
thinning operations, was derived from MCL
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Table 2 Soil nutrient levels of the experimental sites at the Lincoln University silvopastoral experiment (Canterbury, New
Zealand) in 1999 and 2000 based on quick test procedures (m.e.: miliequivalents)

Environment Year pH Ca, m.e. per K, m.e. per P, nug Mg, m.e. per Na, m.e. per S(SOy),
100 g 100 g ml™! 100 g 100 g mg kg~
Open pasture 1999 6.0 5.7 0.36 7 0.76 0.20 3
2000 6.0 44 0.36 6 0.71 0.17 3
Silvopastoral 1999 6.0 44 0.41 8 0.92 0.17 3
2000 5.8 38 0.41 8 0.84 0.15 4

applied to the experimental area since its estab-
lishment. Thirty soil cores to 150 mm depth were
taken at random within each cocksfoot plot in
autumn 1999 and 2000 (Table 2). Soil tests
indicated Olsen-P and S(SO,) were below opti-
mum for maximum pasture production (Morton
et al. 1994), but levels of Ca, K and Mg were
adequate. In general, there were no differences in
soil nutrients between cocksfoot plots in the open
and in the silvopastoral site and to be consistent
with the long-term experimental protocol no
basal fertilisers were added to any of the pastures.

Experiment design with four light regimes

This experiment was set-up to measure DM
production, morphology and changes in nutritive
value of cocksfoot experiencing different levels of
a fluctuating light regime from September 1999 to
May 2001. Within each of the three main cocks-
foot plots of the silvopastoral experiment, a study
plot of 14.0 x 5.0 m was located in the middle of

Plate 1 Cocksfoot
pasture under 10-year-old
radiata pine trees

(200 stems ha™', pruned
up to 6 m height) at
Lincoln University
silvopastoral (Canterbury,
New Zealand)
experiment which
provided a fluctuating
light regime of ~58% of
open PPFD. In the middle
of the 7 m inter-row,
slatted shade structures
were used to reduce the
total incidence of light by
approximately 50%. This
structure provided a
bimodal light regime

the 7.0 m wide inter-row under trees and also in
the adjacent open pasture plots. Within these
study areas, slatted shade structures measuring
30 x 21 m covered with pine wood slats
(150 mm wide) and gaps between slats (150 mm
wide) were used to reduce the total incidence of
light by approximately 50% (Plate 1). This
structure provided a bimodal light regime to
represent the silvopastoral system (Peri et al.
2002). The shade structures were supported hor-
izontally on a vertically adjustable metal frame,
which allowed the shade source to be maintained
at 0.3 m above the cocksfoot canopy. For the
slatted shade structure, the objective was to
create intervals of sunlight and shade similar to
the shade pattern of the radiata pine in the
silvopastoral area (Plate 1).

This experiment was arranged with open
(100% transmittance) and silvopastoral (~58%
transmissivity) plots as main treatments with
three replicates. Within each replicate a cocksfoot
plot was split into two sub-plots: slatted shade and
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no slatted shade. This gave four light transmission
regimes: (i) cocksfoot open pasture, (ii) cocksfoot
pasture under slatted shade, (iii) cocksfoot pas-
ture under tree shade, (iv) cocksfoot pasture
under trees + slatted shade. The trees + slatted
shade treatment extended the light regime be-
yond that experienced under the current silvo-
pastoral situation.

The slatted shade structures were orientated in
an East—-West direction in the main plots with the
slats North—-South. They were set up continuously
in the plots from September 1999 to May 2001.
During periods when main plots were grazed, the
shade frames were removed to avoid damage on
plants through sheep using the structures as a
camping area. Immediately after each grazing,
plots were trimmed with a mower to an even
height of 20 mm and slatted frames were replaced
to their original positions.

Grazing management

A flock of Coopworth ewe lambs were rotationally
grazed for 7 + 1 days around the three cocksfoot
main plots plus the extra cocksfoot area under trees
(28 day rotation with 21 + 1 days regrowth). A
smaller flock of the same type of sheep was grazed in
the same rotational pattern around the four adja-
cent open cocksfoot pastures. All pastures were
grazed from 15 September 1999 (initial liveweight of
45 + 3 kg) to21 May 2000 and from 21 September
2000 (initial liveweight of 42 + 5 kg) to 2 April
2001. Because pasture was drought stressed, grazing
was stopped from 16 March to 15 April 2000 and
from 26 January to 8 March 2001, to allow pasture to
accumulate the minimum pre-grazing mass of
2.0 t ha!. Stocking rate during grazing periods,
over 2 years, under trees averaged 16 lambs ha™
and 25 lambs ha™! in the open. Stocking rate was
adjusted when necessary after each liveweight
measurement (37 4+ 5 day intervals) to ensure a
similar pasture allowance for both flocks (mean
pasture allowance of 3.2 kg DM animal™ d!).

Physical environmental measurements
The air temperature measurements were taken on

site in the open and under trees using digital
temperature sensors (TDC-01A, Monitor Sen-
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sors, Queensland, Australia) located 1.5 m above
ground, which logged every 6 min (resolu-
tion + 0.2°C). Rainfall measurements were ob-
tained from the Broadfields meteorological
station located 3 km north of the silvopastoral
site. The mean soil volumetric water content
(VWCQ) in the top 500 mm was measured every
7 days with Time Domain Reflectometry (TDR,
Trase Systems, Santa Barbara, USA).

Light intensity was monitored with quantum
sensors (Li-cor LI-191SB, Lincoln, Nebraska,
USA) installed above and below the slatted shade
structures, but above cocksfoot canopy height.
This gave a quantitative description of the four
levels of shade used in the experiment. The
quantum sensors measured the photosynthetic
photon flux density (PPFD) in the 400-700 nm
waveband every 5 min by a datalogger with mean
PPEFD recorded at 30 min intervals.

Spectral irradiance from 300 to 1100 nm wave-
lengths was measured with a Li-Cor LI-1800
spectro-radiometer (Lincoln, Nebraska, USA).
Measurements were taken at noon and 17:00 h
for a sunny day in spring, which corresponded to
solar angle elevations of 46.5° and 17.6°, respec-
tively. Also, measurements were taken at noon
for a cloudy day. From the total spectral irradi-
ance data, proportions of red (660 nm) to far-red
(730 nm) wavelengths were calculated.

Biological measurements

Herbage measurements were taken prior to lambs
grazing (21 + 1 days regrowth). For all treat-
ments, pasture samples for DM production were
obtained from a 0.2 m* quadrat cut to 20-25 mm
stubble height. Canopy height was measured
using a sward stick before herbage harvesting.
The number of vegetative tillers was counted as
new leaf extension above the grazed leaf sheath
height within 3-5 days post-harvest using a circu-
lar 0.01 m? quadrat.

Pasture samples were dried in a forced draught
oven at 65°C to constant weight and ground in a
mill containing a 1 mm stainless steel screen for
crude protein (CP) and organic matter digestibil-
ity (OMD) determinations. The nitrogen content
of leaves was determined using the Kjeldahl
technique (CP% = N% x 6.25). Phosphorus was
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analysed according to method No. 964.06 (Pad-
more 1990). Calcium and magnesium analyses
were done by atomic absorption after Kjeldahl
digestion (Padmore 1990). Potassium analysis was
done by the atomic emission method (Padmore
1990) and Sulphur analysis by Quin and Woods
(1976).

The Li-cor LAI-2000 Plant Canopy Analyser
(Lincoln, Nebraska, USA) was used to measure
leaf area index (LAI). The Li-cor LAI-2000 is a
hand-held instrument, with optical sensors that
includes a fisheye lens and five silicon detectors
allowing simultaneous measurement of the radi-
ation coming from the upward hemisphere in five
zenithal angles. There are difficulties in measur-
ing total LAI for grasses because the optical
sensor head of the instrument is 40 mm high.
Therefore, aluminium trenches 40 mm
deep x 30 mm wide x 1.2 m long were set up
for all treatments so that the top of the sensor was
at the soil surface. In this study, measurements
were taken from one reading above the canopy
followed by five readings beneath, along the
trench (transect). As the Li-cor LAI-2000 re-
quires diffuse light to give reliable measurements,
the instrument was only used under uniform
overcast conditions, or before sunrise and after
sunset. To avoid contamination of the measure-
ments by the operator, a 180° view cap was used.

Statistical analysis

Statistical analyses were carried out using the
Genstat statistical package (Genstat 5, 1997).

Fig. 1 Rainfall (?) and
mean monthly air
temperature under trees
(—) and in the adjacent
open (--—-) pasture at the
Lincoln University
silvopastoral experiment
(Canterbury, New
Zealand) from September
1999 to May 2001

Air temperature (°C)

Standard error of means (sem) were used to
evaluate least significant differences (Isd) at the
0.05 probability level for mean separation of
the pasture variables. Significant differences for
the experiment with four light regimes were
determined for each rotation by analysis of
variance (ANOVA) according to the split-plot
design with three replicates. Pasture variables
were also analysed by considering time as a
factor. Thus, this analysis was carried out to
detect potential interactions between a pasture
variable (such as DM growth rate) and the main
environmental factors (such as temperature)
which vary with time (seasons). DM yield and
LAI data from vegetative cocksfoot pastures
obtained from each harvest of the experiment
(80 data points) were analysed using non-linear
regression analysis. The fitted parameters for
each treatment of both experiments were com-
pared using an ANOVA.

Results
Environment

The mean daily temperature was similar in the
open and under trees (Fig. 1). In both summers,
(December—February 1999/2000 and 2000/2001),
the mean temperature under trees was 0.4°C
warmer than in the open, and during winter
(June-August 2000) it was 0.2°C warmer. How-
ever, during a sunny day in autumn-winter (max-
imum temperatures between 10 and 15°C) the
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Fig. 2 Mean soil
volumetric water content
in the top 500 mm
(measured every 7 days)
for four shaded
treatments at the Lincoln
University silvopastoral
experiment (Canterbury,
New Zealand): Open (—)
(100% transmissivity),
open + slats (—) (~43%
transmissivity), under
trees (...) (~58%
transmissivity) and

trees + slats (---) (~24%
transmissivity). Bars
indicate standard error of
the mean (sem)

Soil volumetric water content (%)

temperature under trees was up to 3°C warmer at
midday and morning (from 5:00), but the differ-
ence was reversed after sun set. In contrast,
during sunny hot days in summer (>28°C) there
was minimal difference in air temperature under
trees and open pasture sites.

Rainfall was 17% less than the long-term mean
over the study period. This was mainly because
for March—April 2001, rainfall was only 9.2 mm,
which was approximately 90% less than the long-
term mean (Fig. 1). In spring and winter, the
mean soil VWC in the top 500 mm was always
above 24% and was therefore always greater than
half the maximum available water content of the
site (mean field capacity = 30%) indicating that
the treatments were not moisture stressed during

Fig. 3 Mean monthly 2
photosynthetic photons
(400-700 nm waveband)
received for cocksfoot
pastures from the four
shaded treatments at the
Lincoln University
silvopastoral experiment
(Canterbury, New
Zealand): open (0),
open + slats (V), under
trees (o) and trees + slats

(v)

1

1

Photosynthetic photons (mol m 2 month™")
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those periods (Fig. 2). However, in summer and
autumn of both years, pastures were under water
stress. On average, pastures under trees had 2.5%
less soil VWC than open pastures. The shaded
treatment (open + slats) had a higher soil VWC
than open. Similarly, the treatment trees + slats
had a higher soil VWC than the pasture under
trees. This additional soil VWC under the slatted
shade resulted in greater water recharge during
winter. For example, in July 2000 the pastures in
the open had a soil VWC of 30.5% compared
with 32.0% in the open + slats treatment.

The daily PPFD was integrated to calculate the
accumulated monthly photosynthetic photons per
unit area (Fig. 3). The maximum photosynthetic
photons reaching the cocksfoot pasture was in
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Table 3 Transmissivity of the shaded treatments as a
percentage of the open daily integral photosynthetic
photon flux density (PPFD) for sunny days at three

different solar angles elevation (seasons) and for a range of
cloudy days in Canterbury, New Zealand

Solar angle at noon 69.8° 46.5° 23.0° Diffuse light
Treatments Summer Autumn-Spring Winter Cloudy days
Open 100% (63.3) 100% (36.0) 100% (10.6) 100% (7-18)
Open + slats 45% 43% 41% 45%
Trees 62% 60% 55% 58%
Trees + slats 26% 25% 23% 20%

Values in parentheses are the total daily integral of PPFD for open expressed as mol photons m™> d*

December (1715-1815 mol m™ for open pas-
tures) corresponding to the maximum noon solar
angle elevation (69.8° at noon). The minimum
(302 mol m™ for open pastures) was in June with
the lowest noon solar angle elevation of 23°. In
December, pastures in the open received 720, 960
and 1220 mol photons m™ more than pastures
under trees, open + slats and trees + slats,
respectively. However, these differences de-
creased in June. The daily PPFD integral in the
open for a sunny day in spring or autumn (e.g. 21
September or 21 March at solar angle elevation of
46.5° at noon), summer (21 December at solar
angle elevation of 69.8° at noon) and winter (21
June at solar angle elevation of 23.0° at noon),
and over a range of cloudy days were used as a
reference (100% transmissivity) to calculate the
transmissivity of the shade treatments (Table 3).
This was used to represent the relative reduction
of photosynthetic photons in the shaded treat-
ments compared with the open pasture. The total
daily integral photosynthetic photons received in
open pasture around the 21 December was
63.3 mol photons m~2 d™!, which was 6 times
higher than in winter (21 June) (Table 3). For

cloudy days (diffuse light) during summer and
spring the total integral daily photosynthetic
photons received in open pasture varied between
7 and 18 mol photons m2 d™' depending on the
cloud type. The transmissivity under the 10 to 11-
year-old trees measured in the middle of rows was
62% of the open over a sunny day in summer (at
maximum solar elevation), with alternating peri-
ods of full sunlight and this decreased to 26%
with the addition of the slatted structure. The
transmissivity of the shaded treatments decreased
with a decrease in solar angle elevation from
summer to winter. The transmissivity of the
tree-shaded treatments during cloudy days
(58%) was lower than sunny days in spring and
summer (60-62%), but under the slatted shade it
remained at 45% between cloudy and sunny days
(Table 3).

The red-far red ratio (R:FR) decreased from
sun to any of the shaded situations (Table 4). The
minimum value of R:FR was 0.54 at noon in the
middle of the tree shade. The R:FR also
decreased under the shade of slats. There was a
difference in R:FR within the tree shade with
higher values along the perimeter (0.5 m inside

Table 4 Red (660 nm) to far-red (730 nm) ratio at noon and 17:00 h for a sunny and cloudy summer day and for different
light conditions at the Lincoln University silvopastoral experiment (Canterbury, New Zealand)

Light condition Sunny day at noon

(46.5° solar angle)

Afternoon (17:00 h)
(17.6° solar angle)

Cloudy day at noon
(diffuse light)

Open sun 1.32
Open sun under slat 1.28
Open shade under slat 0.74
Tree sun 1.24
Tree shade (middle) 0.54
Tree shade (edge) 0.90
Tree shade under slat 0.40

1.34 1.29
1.28 -
0.86 1.20
1.29 -
0.83 1.16
0.97 -
0.58 1.16
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Fig. 4 Cocksfoot dry

matter growth rates 60

(21 £1 days regrowth)
over time for four shade
treatments at the Lincoln
University silvopastoral
experiment (Canterbury,
New Zealand): open (0)
(100% PPFD),

open + slats (V) (~43%
transmissivity), under
trees (o) (~58%
transmissivity) and

trees + slats (V) (~24%
transmissivity). Bars
indicate standard error of
the mean (sem)

Growth rate (kg DM ha ' d')

the shaded zone). There was no difference in
R:FR for two different solar angles elevation
(noon and afternoon) for full sunlight conditions.
However, under the tree shade, the R:FR
increased at the lowest solar angle. At noon on
the cloudy day, the R:FR was greater under trees
and the slatted structure compared with the sunny
day, but still less than the R:FR in open.

Pasture DM production and growth rate

The mean total DM production was 8.2t DM
ha! yr! in open, 7.3t DM ha™ yr" in open + -
wooden slats, 6.3t DM ha™! yr' under trees
shade and 3.8 t DM ha™ yr' in the trees + slats

Fig. 5 Cocksfoot leaf

area index (LAI) 5
(21 £ 1 days regrowth)

over time for four shade

treatments at the Lincoln 4
University silvopastoral

experiment (Canterbury,

New Zealand): open (0) 3
(100% transmissivity),
open + slats (V) (~43%
transmissivity), under 2
trees (o) (~58%

transmissivity) and

trees + slats (V) (~24% 1
transmissivity). Bars

indicate standard error of

the mean (sem) 0

LAI
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treatment. The mean clover percentage of the
cocksfoot pasture for the two grazing seasons was
8% in open and 4% under trees with a mean of
cocksfoot content over 80%. Differences in DM
production were driven by DM growth rates
(Fig. 4) being lower under trees and trees + slats
compared with the full sunlight treatment in all
seasons. The mean DM production rate of
cocksfoot pasture for the grazing seasons
(September—April) for the 2 years was
30 kg DM ha' d! in open, 26 kg DM ha™' d™*
in open + slats, 21 kg DM ha' d”! under trees
and 14 kg DM ha' d”! under trees + slats. For
the dry period January—-March 2001, pastures in
the open under slat shade produced more than
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the adjacent full sunlight treatment. There was an
interaction (P < 0.05) between treatments and
time (rotations). This was expressed by seasonal
fluctuations in pasture DM growth rates (Fig. 4).
The highest (P < 0.05) growth rates occurred
during November (mean of 48 kg DM ha™' d' in
open, 43 kg DM ha™' d' in open+slats, 35 kg DM
ha™' d™' under trees and 24 kg DM ha™' d' under
trees + slats) and there was a rapid decrease in
summer (December-February) and winter (June—
July). In autumn 2000 (April-May), there was a
recovery after summer drought showing a typical
bimodal annual growth curve. However, this
trend did not occur during autumn 2001. DM
production rate was higher in the second year
during spring compared with the first year for
pastures in the open and under trees, but lower
for the shaded treatments; open + slats and
trees + slats.

Leaf area index (LAI)

As for DM production, LAI curves showed
seasonal fluctuations (Fig. 5) which was indicated
by the interaction (P < 0.05) between treatments
and time (rotations). The greatest (P < 0.05) LAI
occurred in spring during October—November
(mean of 4.1 in open, 3.8 in open + slats, 3.0
under trees and 2.2 under trees + slats) and there
was a rapid decrease in late summer and winter.
The LAI was consistently lower under trees
(P < 0.05) and trees + slats (P < 0.01) compared

Fig. 6 Cocksfoot tiller

population (21 + 1 days 7000 4

regrowth) over time for
four shade treatments at

the Lincoln University 6000

silvopastoral experiment
(Canterbury, New
Zealand): open (0)
(100% transmissivity),
open + slats (V) (~43%
transmissivity), under
trees (o) (~58%
transmissivity) and

trees + slats (V) (~24%
transmissivity). Bars

tillers m?

indicate standard error 2000

of the mean (sem)

with the full sunlight treatment in all seasons
(Fig. 5).

Canopy pasture height and tiller population

The changes in cocksfoot LAI were related to
variations in morphological aspects of the sward
such as canopy pasture height and tiller popula-
tion. Details of changes in pasture tiller popula-
tion and canopy height over time for the
experiment with four light regimes are given in
Figs. 6 and 7, respectively. When water was non-
limiting (soil VWC > 24%), the cocksfoot cano-
pies under shade were taller (P < 0.05) than those
grown in full sunlight. During the period of
maximum increase in height (October-Novem-
ber), cocksfoot tillers under the shade of trees +-
slats were etiolated to be 60 mm taller than
comparable tillers in full sunlight. In general,
cocksfoot tiller population decreased (P < 0.05)
as shade level increased with a mean vegetative
tiller population per m? of 5540 in the full
sunlight, 5020 in the open + slats treatment,
4720 under trees and 3570 tillers m™2 in the
tree + slats treatment.

Relationship between DM yield and LAI

The lack of significant differences in the slope of
these relationships meant a single function could
be used (Fig. 8). This relationship was described
by an exponential function (Eq. 1), which resulted
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Fig. 7 Cocksfoot canopy
height (21 + 1 days
regrowth) over time for
four shade treatments at
the Lincoln University
silvopastoral experiment
(Canterbury, New
Zealand): open ()
(100% transmissivity),
open + slats (V) (~43%
transmissivity), under
trees (o) (~58%
transmissivity) and

trees + slats (V) (~24%
transmissivity). Bars
indicate standard error of
the mean (sem)

Pasture canopy height (mm)

in an 1 of 0.93 and standard error of the estimate
(ESE) of DM yield of 96.2 kg DM ha™.

DM = —144.47 + 211.16 x ¢*309HLAD, (1)

From 0.5 to 2.0 units of LAI, the relationship was
approximately linear and increased at a rate of
216 kg DM ha! per unit of LAIL From this point
to LAI =4.5 the relationship was curvilinear

(Fig. 8).
Nutritive value

CP percentage increased as PPFD declined
(Fig. 9) with mean values of 18.6% in open,

Fig. 8 Accumulated dry
matter (DM) yield

(kg DM ha') against leaf
area index (LAI) for
vegetative cocksfoot
pastures grown at the
Lincoln University
silvopastoral experiment
from the four light
regimes experiment
(Canterbury, New
Zealand). The line is for
the fitted single
exponential function

(Eq. 1)

DM yield (kg DM ha ")
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21.2% in open + wooden slats, 19.5% under trees
shade and 22.5% in the trees + slats treatment.
The interaction (P < 0.05) between treatments
and time showed the increase in CP percentage
with shade under trees showed less difference
during severe drought in both summers and
autumn 2001 (Fig. 9).

In contrast, the intensity of fluctuating shade
had little effect on OMD with a mean value of
79 + 32%, but with a fluctuating (P < 0.05)
seasonal variation which ranged from 72.0 to
85.8% (Fig. 10). Maximum values corresponded
to spring, winter and autumn regrowth and
minimum values when cocksfoot pastures were
under water stress (soil VWC < 18%).
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Fig. 9 Cocksfoot crude 32 A
protein (CP%) content 30 4
over time for four shade

treatments at the Lincoln 28 1
University silvopastoral 26
experiment (Canterbury, 3 244
New Zealand): open (0) <
(100% transmissivity), T 221
open + slats (V) (~43% £ 201
transmissivity), under 8 181
trees (o) (~58% 2
transmissivity) and © 161
trees + slats (V) (~24% 14 1

transmissivity). Bars
indicate standard error of
the mean (sem)

12 A
10 A
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Table 5 indicates that mean macro-nutrient
concentrations of cocksfoot leaves increased
(P < 0.05) as the PPFD level declined (Table 5),
mainly between the open (100% transmissivity)
and the trees + slats (~24% transmissivity) treat-
ments (P 4.2 vs 5.2, Mg 1.6 vs 2.1, K 29.4 vs 33.9,
Ca 4.7 vs 5.3, S 2.6 vs 3.6 g kg”' DM). However,
there was an interaction (P < 0.05) between
treatments and time (seasons) with shade under
trees which showed less difference during severe
drought in both summers and autumn 2001. Thus,
macro-nutrient concentrations were higher (ex-
cept Ca) in spring and winter (means P = 5.1,

1999 2000 2001
month
Mg =19,K =324, Ca=49,S =34 g kg DM)

compared with summer and autumn (means
P=44 Mg=18 K=296, Ca=52,S=30¢g
kg™ DM).

Discussion
Effect of shade on DM production
The specific component unique to silvopastoral

systems is the light regime compared with open
pastures. In this study, the tree canopy and slatted

Fig. 10 Cocksfoot 2
organic matter 88
digestibility (OMD %) 86

over time for four shade
treatments at the Lincoln
University silvopastoral
experiment (Canterbury,
New Zealand): open (0)
(100% transmissivity),
open + slats (V) (~43%
transmissivity), under
trees (o) (~58%
transmissivity) and

trees + slats (V) (~24%
transmissivity). Bars
indicate standard error of

Organic matter digestibility (%)
~
fee]

the mean (sem)

[TT1zrrII[[IIIITITI=1
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Table 5 Mean mineral content (g kg™ DM) in herbage cocksfoot pasture for different seasons at 21 days regrowth at the
Lincoln University silvopastoral experiment (Canterbury, New Zealand)

Date Treatment P Mg K Ca S
Oct-1999 (spring) Open 4.5 1.6 36.0 39 22
Open + Slats 4.6 1.8 39.9 39 32
Trees 5.0 1.8 424 39 35
Trees + Slats 5.9 2.0 46.3 4.0 3.1
Isd 0.77 0.48 7.35 0.56 0.76
Jan-2000 (summer) Open 43 1.6 352 45 2.3
Open + Slats 4.4 1.6 34.3 43 2.8
Trees 53 1.9 36.3 4.6 34
Trees + Slats 7.1 1.8 39.1 4.6 33
Isd 0.90 0.22 5.46 0.21 0.53
Apr-2000 (autumn) Open 5.1 1.6 321 4.6 2.5
Open + Slats 53 1.8 36.3 4.2 3.1
Trees 5.4 2.1 351 4.7 3.6
Trees + Slats 5.7 22 39.1 4.9 34
Isd 0.67 0.39 7.79 0.51 0.84
Jun-2000 (winter) Open 44 1.7 26.7 5.0 3.5
Open + Slats 4.8 1.8 28.6 5.4 34
Trees 5.5 2.0 29.0 5.8 3.7
Trees + Slats 55 23 30.1 6.5 3.5
Isd 0.27 0.56 5.66 0.92 0.67
Oct-2000 (spring) Open 4.8 1.4 29.3 4.0 2.9
Open + Slats 4.8 1.7 28.9 39 4.1
Trees 5.6 1.7 33.0 45 4.0
Trees + Slats 52 1.8 34.0 4.7 35
Isd 0.82 0.45 7.79 0.82 0.56
Jan-2001 (summer) Open 33 1.8 25.9 59 2.4
Open + Slats 39 2.0 25.8 53 3.6
Trees 5.0 2.1 28.3 6.4 3.7
Trees + Slats 4.6 2.3 30.2 6.6 3.5
Isd 0.26 0.45 6.75 0.56 0.82
Apr-2001 (autumn) Open 31 1.6 20.4 52 2.3
Open + Slats 32 1.8 221 5.4 2.8
Trees 2.8 2.1 14.9 6.5 3.0
Trees + Slats 2.6 1.9 18.8 55 3.0
Isd 0.52 0.67 4.05 0.63 0.78
Mean annual Open 42 1.6 29.4 4.7 2.6
Open + Slats 4.4 1.8 30.8 4.6 33
Trees 4.9 2.0 313 52 3.6
Trees + Slats 52 2.1 33.9 53 33
Isd 0.60 0.11 2.45 0.36 0.27

Open: 100% transmissivity, open + slats: ~43% transmissivity, trees: ~58% transmissivity and trees + slats: ~24%

transmissivity

structures reduced and modified the light avail-
able to the understorey cocksfoot pasture. Spe-
cifically, the daily PPFD integral for a sunny day
in summer (around 21 December at solar angle
elevation of 69.8° at noon) was 63.3 mol photons
m~2d"' (100% transmissivity) and this was
reduced by 38% under trees and 74% under the
slatted structures in the silvopastoral system
(Fig. 3). The reduction in available light quantity

@ Springer

for the understorey pasture also changed with
cloudy conditions and differences in solar angle
elevation throughout the seasons. As a conse-
quence, cocksfoot DM growth rate decreased by
13% under slat shade in the open, 22% under tree
shade and 48% under the trees + slats shade
compared with the full sunlight pastures during
periods of non-limiting water (soil VWC >25%)
(September-November 1999 and 2000). This
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reduction in DM growth is in the range reported
in the literature. For example, Joshi et al. (1999)
reported that yield of irrigated cocksfoot pasture
under 650 (18% of the open PPFD) and 300 (40%
of the open PPFD) trees ha' was reduced by
55% and 16% compared with open pasture,
respectively. Similarly, in northern Greece, Brazi-
otis and Papanastasis (1995) reported that cocks-
foot DM production during spring was reduced by
55% under a 20-year-old maritime pine (Pinus
pinaster Aiton) plantation thinned to 1750 tree-
s ha™' (mean light intensity of 31% of the open
area) compared with pastures under 1000 trees
ha' (mean light intensity of 41% of the open
area). Hawke and Knowles (1997) reported that
DM production of ryegrass (Lolium perenne L.)/
white clover (Trifolium repens L.) pastures at
Tikitere (Rotorua, North Island, New Zealand)
was 25% of the open pasture production at age
13 years for 200 trees ha™'. Similar results have
been reported for perennial ryegrass in South
Otago (New Zealand) (Cossens 1984) and in nine
silvopastoral environments in the United King-
dom (Sibbald et al. 1991).

Interaction with time

Changes in environmental factors over time
(seasons) had a strong influence on DM produc-
tion. For example, the mean daily temperature
during this experiment ranged from 6°C in winter
to 16°C in summer (Fig. 1) with daily minimum
temperatures of 1.4°C and daily maximum tem-
peratures of 22.6°C. In addition, as a result of
seasonal effects, the soil VWC in the top 500 mm
varied from 33 to 8.5% (Fig. 2). These changes
provided a wide range of cocksfoot DM growth
rates from 2.1 to 51.3 kg DM ha™' d™".

The decrease in DM production with shade
intensity showed seasonal variation responses
(Fig. 4) with less difference during winter (mean
daily air temperatures <8°C) and during severe
drought (soil VWC < 15%). This indicates that
pasture production during winter was limited
mainly by low temperatures and by soil water
stress in dry conditions. Similarly, Korte et al.
(1987) reported that low levels of solar radiation
do not appear to limit unshaded pasture produc-
tion in winter. Low temperature is considered to

be the major environmental variable limiting
pasture production for this season in temperate
latitudes. In addition, trees in the silvopastoral
plots reduced the soil VWC in all seasons with a
mean reduction of 2.5% compared with open
pastures due to root competition and the inter-
ception of rainfall. These probably also contrib-
uted to a reduction in DM growth rate in addition
to shade. However, there was some evidence that
shade assisted soil moisture conservation during
drought periods. For example, from January to
April 2000, the open + slats treatment produced
15% more DM than open pastures as a conse-
quence of 2.2% more soil VWC (Fig. 4).

Leaf area index (LAI), canopy pasture height
and tiller population

LAI, which depends on the rate of leaf appear-
ance, growth and death of individual tillers and
leaves and their morphological changes, has been
reported to be dependent on temperature, irradi-
ance, water status (Davies 1988) and light quality
(Casal et al. 1987).

Change in light quantity and quality (mainly the
decrease of the R:FR ratio) under trees can modify
LAIbecause stem elongation can be promoted and
tillering and branching inhibited (Casal et al. 1987;
Garnier and Roy 1988). In this study, where
flowering of cocksfoot pasture was not allowed
under grazing, shade encouraged plants to become
etiolated (Fig. 7) where the taller growth may be
an effort to gain greater access to available light in
competition with neighbouring plants and tillers.
For example, when water was non-limiting (Sep-
tember-November), shade increased canopy
height by approximately 23 % for both open + slats
and under trees pastures, and by 41% for the
trees + slats treatment. Anderson (1978) found
that etiolation of cocksfoot was due to cell elonga-
tion under shaded environments. According to
Kephart and Buxton (1993) etiolation occurs at the
expense of root growth, increasing consequently
the plant shoot/root ratio under shade.

It also appears that the etiolation of shaded
cocksfoot plants, responded to a reduction in the
R:FR ratio. In the current study, differential
absorption of red and far-red light from the tree
canopies produced a 56% decrease in the R:FR
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ratio in the middle of the tree shade compared
with full sunlight (Table 4). The changes in R:FR
ratio are perceived by understorey plants through
the phytocrome system which may change mor-
phogenetic characters in plants (Smith 1982). It is
likely that leaf area of shaded cocksfoot leaf
blades is maintained or increased to maximise
light interception at the expense of leaf thickness,
resulting in leaves being longer, narrower, and
thinner than when grown in full sunlight condi-
tions. This is consistent with Devkota et al. (2000)
who reported that plants from 10 cocksfoot
selections increased the specific leaf area with
shade from 15.9 mm? mg™' under 73% of the
open PPFD to 21.3 mm? mg™' under 24% of the
open PPFD.

Reduced light intensity and changes in light
quality have been reported to reduce tillering and
are therefore likely to reduce LAI In this study,
cocksfoot vegetative tiller population decreased
from 5540 in the full sunlight to 3570 tillers m—
under severe shade (~24% transmissivity)
(Fig. 6). Similarly, Garnier and Roy (1988)
reported a 36% reduction of cocksfoot tiller
population in France under 33% transmissivity
oak tree shade compared with open pasture.
Devkota et al. (1997) reported for a range of
cocksfoot cultivars that the mean tiller number
declined 25-30% as the shade environment fell
from 77 to 17% PPFD of full sunlight. Deregibus
et al. (1983) showed that after 28 days, the mean
number of new tillers per plant of Lolium sp. was
16 with a R:FR of 2.2 and decreased to 11 tiller
per plant when R:FR declined to 1.1 of similar
light intensity. A similar response was reported by
Casal et al. (1987). The physiological basis for the
reduction in tillering is that under low irradiance
a reduced supply of current assimilate is prefer-
entially allocated to existing tillers at the expense
of axillary buds (Robson et al. 1988). Thus, the
effect of low light intensity is not on the rate of
site production, but rather on the extent to which
sites are filled.

Relationship between DM yield and LAI
The non-linear relationship between DM yield

and LAI (Eq. 1) for the vegetative cocksfoot
sward, indicated that the LAI of the sward
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increased more slowly in relative terms than the
biomass when LAI was greater than 2 units
(Fig. 8). This was consistent with Duru et al.
(1997) who reported, for cocksfoot, a unique
exponential function between LAI and DM. One
reason for the non-linear relationship, mainly
from LAI below 2, would be that the pseudo-stem
(sheath) length and weight increased with LAI
(or time of regrowth) and consequently decreased
the leaf:pseudo-stem ratio. As a consequence, the
proportion of green leaf was reduced. Thus, the
increase in the more vertical and heavier pseudo-
stem component and the relative decrease in the
green leaf component over time gives a greater
proportion of DM with a smaller increase in LAI.

The importance of this single relationship
between DM yield and LAI is that it includes
differences in the cocksfoot canopy due to
changes over time in morphological aspects of
the sward, such as tiller population, pasture height
(Figs. 6, 7) and leaf size caused by environmental
and management factors. This relationship be-
tween DM production and LAI can then be used
together with a canopy photosynthesis model to
determine the foliage (LAI) increment for each
day of growth.

Nutritive value

Feeding value of pasture is the product of
voluntary feed consumption and the digestibility
of nutrients consumed. The increase in CP per-
centage as PPFD declined (Fig. 9) may be attrib-
uted to either a decrease in photosynthates, with a
consequent rise in the nitrogen concentration, or
to an increase in soil organic matter mineralisa-
tion under trees that provided more nitrogen for
grass uptake (Wilson and Ludlow 1991). The
major effects of different light transmission inten-
sity on the mean N concentration of six tropical
grasses was in plants under moderate shade (68%
light transmission) compared with pastures grown
at 100% light transmission, but differences
between species were much larger than any shade
effects observed in those studies (Norton et al.
1991). In our study, there was a seasonal decrease
in CP percentage when water stress was severe
(soil moisture < 18%) with less difference be-
tween open and shaded treatments. Similarly,
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Whitehead (1995) reported that dry conditions
may retard both pasture uptake and soil miner-
alisation of N during the season.

There were small differences between open and
shaded treatments for organic matter digestibility
(OMD) (Fig. 10). Many results have shown that
in vitro digestibility of grasses is reduced under low
light intensity and this is associated with reduced
digestibility of cell wall constituents (Hight et al.
1968). However, other studies have obtained less
conclusive results with both increases and de-
creases in digestibility of herbage grown in a
shaded environment (Wilson 1988). Cell walls are
the major fraction available for digestion and it is
important to determine whether shade affects
their composition (Norton et al. 1991). Shading
usually reduces the total non-structural carbohy-
drate of grasses, but has variable (positive and
negative) effects on cell wall content and compo-
sition, lignin and in vitro digestibility of plant dry
matter (Wilson 1988). According to Hight et al.
(1968), soluble carbohydrate content decreased by
3.7% units and dried forage digestibility by
0.6-3.6% units during a short shading period of
time (2-3 days at 22% light transmission). How-
ever, Norton et al. (1991) found a small non-
significant decrease in soluble carbohydrate and a
decrease in in vitro dry matter digestibility.

In the present study, the mean annual macro-
nutrient concentrations in leaves increased as the
PPFD level declined (Table 5). One reason for
this may be because heavily shaded pasture (i.e.
less than 30-40% light transmission) has low dry
matter contents or higher water contents (Rey-
nolds 1995). In Vanatu, the dry matter percentage
of shaded T-grass (Paspalum conjugatum) Berg.
is often below 18%, especially under heavy shade.
Burton et al. (1959) reported that severe shade
reduced the yield of DM by about one-third, the
concentration of P, Ca and Mg in Coastal
Bermudagrass increases by 25-50%.

Furthermore, active mineralisation of soil
organic matter by pine roots or their mycorrhiza
was suggested as a likely mechanism accounting
for elevated inorganic and available nutrient
levels under pines in some New Zealand grass-
land soils and therefore more nutrient availability
for pastures in a silvopastoral system (Davis
1994). Hawke and O’Connor (1993) reported

that while soil potassium remained relatively
constant (average of 7.8 mg kg™ at 400 sph),
magnesium, sulphate-sulphur and phosphorus
levels tended to increase at higher tree stocking
rates (14 mg kg™', 20 mg kg™’ and 50 mg kg™,
respectively under an 18 year-old radiata pine
stand). These changes in topsoils were attributed
to nutrient uptake, organic matter mineralisation,
and the effect of organic acids under the radiata
pine stand.

There was an interaction between treatments
and time (seasons). Shade under trees showed less
difference during severe drought in both summers
and autumn 2001. Thus, macro-nutrient concen-
trations were higher (except Ca) in spring and
winter (soil moisture > 24%) compared with sum-
mer (soil moisture < 18%). In general, water stress
may reduce the capacity of roots to absorb nutri-
ents if it reduces transpiration and growth, and
therefore plant demand for nutrients (Lambers
et al. 1998). While concentration of P in grasses is
reduced by drought, the effect on other elements is
less consistent (Rahman et al. 1971). The increase
in Ca concentration in summer for the drought-
resistant cultivar KM2 cocksfoot population could
reflect a greater density of roots in deeper soil
horizons (Volaire and Thomas 1995).

Macro-nutrient concentrations increased as
PPFD declined The minimum values measured
mainly in the open treatment (100% transmissiv-
ity) satisfy the demand for optimum animal feed
requirements. According to Kemp et al. (1999)
the optimum concentration of mineral elements
in temperate pasture species for sheep growth are
P=20, S=115 K=36, Ca=29 and
Mg =12 gkg' DM. However, according to
Kemp et al. (1999) leaf nutrient concentrations
in the present study were below the optimum for
pasture growth mainly for the open treatment and
during summer drought (P =4.0, S =232,
K =25.0, Ca = 3.0 and Mg = 2.0 g kg”! DM).

Given CP percentage and macro-nutrient
concentrations (where all pasture samples were
higher than the optimum required for sheep
growth) increased slightly with shade level,
digestibility values were not greatly influenced
by shade, and clover content in cocksfoot pastures
were low (<7%), it seems likely that shaded
pastures would limit animal production primarily
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due to lower DM production rates. This may
lower pre-grazing pasture mass and reduce bulk
density and bite size from the etiolated pasture.
This is consistent with Peri et al. (2001) who
reported for the same experimental area that
apparent intakes were reduced by 0.3 kg DM ani-
mal™ d”! for lambs grazing cocksfoot pastures
under trees. This was attributed to a reduction in
pasture bulk densities. Thus, grazing animals had
greater potential intake in open pastures than
under trees because the amount harvestable in a
single bite for livestock grazing lower density
pasture is smaller (Gong et al. 1996). Reduction
in bite size leads to reduced daily pasture intake
and LWG because the animal normally cannot
sufficiently compensate by increasing the rate of
biting or grazing time per day. Alternatively, long
grazing rotations could be used under shaded
pastures to provide time to accumulate sufficient
pasture mass. However, problems from longer
spelling times would be: (i) taller pasture and
increased reproductive development that results
in reduced bulk density, and (ii) older forage of
lower nutritive value.

In summary, while nutritive value of cocksfoot
pastures under fluctuating light regimes increased
as the PPFD level declined, it appears that heavily
shaded dominant temperate pastures in silvopas-
toral systems limit animal production per hectare
through lower DM production rates and per
animal through reduced pre-grazing pasture mass
of lower bulk density from the etiolated pasture.
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