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Abstract

Irradiance and soil nitrogen effects on growth, net
photosynthesis and radiation use efficiency (RUE) of
Brachiaria decumbens were investigated in fertilized and
non-fertilized stands. Three levels of photosynthetic
photon flux (PPF: SO =100%, SI1=50% and
S2 = 30%) and two N supplies, with (N+) and without
(N—), were used. Forage biomass and nutrient accu-
mulation, specific leaf area (SLA), leaf area index
(LAI), fractional intercepted photosynthetic photon
flux (fPPF), leaf photosynthetic response to light and
efficiency of radiation use at leaf (A/Q) and canopy
(RUE) levels were measured. Shade effects were
mostly independent of soil N. Final vyield was
decreased by 34% (S1) and 57% (S2). Shade
increased SLA (25-46%), so maximum LAI (2-4-3-3)
was similar among light regimes. In N— stands, reduc-
tions in leaf biomass (14%), SLA (17%) and LAI
(27%) were recorded, although forage yield was simi-
lar between soil N conditions. Under shade, peaks of A
were comparable to those at full light, so A/Q was
higher around midday. Derived parameters of the A-
PPF curves were similar between SO and S2. A maxi-
mum fPPF = 0-8 (SON+, SIN+) was recorded at
LAI = 3-4. Under limited sunlight, relatively high RUE
(1-6-2-8 ¢ MJ™") were observed over both soil N con-
ditions. We concluded that B. decumbens had a high
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plasticity to shade, thus explaining its success under
silvopastoral systems.

Keywords: signalgrass, shade, biomass accumulation,
apparent quantum yield, radiation use efficiency

Introduction

In Venezuela, natural savanna and forest ecosystems
north of the Orinoco river are under continuous
replacement by agroecosystems such as annual crops
and cultivated pastures. African C, grasses like Brachiaria
spp., with a high growth potential under local climate
and soil conditions, are commonly used to provide
high-quality forage in well-drained savannas and
partially deforested lands.

Nowadays, many natural forests and savanna—for-
est mixtures are managed as silvopastoral systems,
where trees are present as isolated individuals or as
patches of different densities. African forage grasses
introduced in these lowland tropical environments,
where trees are either naturally present or intention-
ally sown to expand plantation agriculture or to
recover degraded land, can be exposed to a large
reduction in available photosynthetically active radia-
tion. The concomitant reduction in plant productivity
has important implications in terms of selecting valu-
able grass species with high tolerance to shade
(Humphreys, 1991, 1994; Wilson and Ludlow, 1991).

Brachiaria decumbens Stapf. (Signalgrass) is widely
used throughout the Neotropics (Argel and Keller-
Grein, 1998; Pizarro et al., 1998), Australia and SouthEast
Asia (Stlir et al., 1998). In Venezuela, approximately
1-6-2-7 x 10° ha have been sown with this high-qual-
ity forage grass, representing approximately half of the
existing land (including savanna and seasonal tropical
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forests) converted to improved pastures (Pizarro et al.,
1998).

Differences in solar radiation interception caused
by either natural or artificial shade affect the microcli-
mate where pasture grows. Under such conditions,
light intensity and air temperature are directly
reduced, while improved soil moisture and related
organic matter mineralization processes may contrib-
ute to enhance nutrient uptake and hence forage
quality (Cruz et al., 1995; Ludwig et al., 2004).

Several traits at different scales can be modified
under the reduced solar radiation level at which plants
are acclimatized. Thus, phenotypic plasticity allows for
the adjustment of various physiological, anatomical
and morphological characters so plants can compete
more efficiently and survive under restricted light con-
ditions (Givnish, 1988). At the leaf level, acclimation
to shade implies less supporting tissue and a lower
number of mesophyll cells per unit area, so they are
thinner [i.e. have a higher specific leaf area (SLA)]
and consequently tend to have a lower photosynthetic
capacity than sun-acclimated leaves. Shade-acclimated
leaves compensate for this reduction in available light
by increasing chlorophyll concentration per unit of
leaf mass and allocating relatively more of this
pigment into the light-harvesting complexes of the
chloroplast, resulting in a lower chla/chlb ratio (Pearcy
and Sims, 1994; Lambers et al., 2008). Typical acclima-
tion of B. decumbens to shade is expressed by a large
increase in SLA and carbon allocation to leaf biomass
(Baruch and Guenni, 2007; Guenni efal, 2008),
although total chlorophyll content per unit leaf dry mass
and the chla/chlb ratio do not vary accordingly with
decreasing light intensity (Baruch and Guenni, 2007).

At the plant level, B. decumbens was the only spe-
cies that maintained active growth under 40% of full
light intensity and monthly defoliation, when com-
pared with B. brizantha and B. dictyoneura (Baruch and
Guenni, 2007). In addition, plants of B. decumbens, cul-
tivated at 57% light and low soil nitrogen, produced
the same total biomass as those grown at full light
(Guenni et al., 2008). Here, the proportion of leaf N
showed a steady increase as irradiance intensity
decreased to as low as 29% under artificial shade.
Reduced radiation affected more the growth of young
plants of B. decumbens than soil nitrogen availability.
On the contrary, after regrowth, older plants
demanded more nutrients, so biomass accumulation
was more controlled by the interaction of shade x N
fertilization (Guenni et al., 2008).

Regarding the effects of shade on pasture dry mat-
ter accumulation and nutritive value, the literature
reports only few high-yielding tropical forage grasses
with the potential to grow and persist when grazed
under shade. Among them, B. decumbens, B. brizantha,

B. humidicola and Panicum maximum (Guinea grass)
showed intermediate tolerance to shade (Shelton et al.,
1987). An increase in N and K concentration in the
forage biomass was reported for B. decumbens and
B. brizantha when grown under native legume trees
(Carvalho, 1997). Under coconut plantations in the
tropics, B. decumbens cv. Basilisk showed a higher dry
matter yield than B. humidicola (Kaligis and Sumolang,
1991; Rika ef al., 1991), whereas no improvement in
biomass production was observed in B. decumbens and
other C, grasses growing at the same environment
(Smith and Whiteman, 1983).

We studied the acclimation potential of B. decum-
bens to grow under differing light regimes and soil
nitrogen availability, in order to quantify several plant
traits responsible for its persistence in silvopastoral sys-
tems. The study area consisted of a semi-evergreen
forest which has been partially cleared to establish
paddocks of P. maximum, Digitaria swazilandensis,
B. decumbens, B. mutica and B. arrecta. These grasses are
currently cultivated under different densities of tree
canopies dominated by ‘saman’ [Samanea saman
(Jacq.) Merrill], and paddocks are rotationally grazed
by cattle (Hernandez and Guenni, 2008).

Materials and methods

The experiment was conducted at ‘La Antonia” experi-
mental station of the Veterinary Sciences Faculty, Uni-
versidad Central de Venezuela (10°22'28"N, 68°40'45"
W; 110 m asl) during the growing season (April-
December) of 2006.

Meteorological data were obtained from a nearby
station (Naranjal Agroclimatological Station-DANAC
Foundation; 10°21'45"N, 68°39'00"W; 107 m asl).
Mean annual rainfall and potential evapotranspiration
are 1480 and 1720 mm respectively (1988-2006). Nor-
mally, the rainy period extends from April to December,
with almost 90% of total rainfall whereas the dry period
(January—March) usually has <50 mm month™". Fluc-
tuations between the minimum and maximum mean
temperature are usually within the range 20-31°C.

The soil profile has textures varying from sandy—
loamy (0-0-0-2 m) to sandy—clay-loamy (0-2—0-4 m)
with organic matter decreasing from 1-9 to 0-9%. Soil
pH is 4-9-6-1, and electrical conductivity ranges from
0-04 to 0-12 dS m™ !, whereas P, K, Ca and Mg con-
centrations are 7, 4, 136 and 90 mg kg™ respectively.

A relatively flat treeless and fenced area
(50 x 15 m) with a 4-year-old stand of B. decumbens
(>90% cover) was selected for this study. Immediately
after a uniform cut, three regimes of shade were
imposed by the use of polyethylene (black) shade
cloths of two different openings (2 x 3 and
4.5 x 7mm ovals; TRICAL® de Venezuela C.A.,
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Maracay, Aragua, Venezuela). The cloths were
mounted on metal frames 0-9 m above ground and
were oriented east to west to reduce shading to adja-
cent plots. They had also a 1-10 m overhang at their
distal ends to prevent direct access of sunlight at sun-
rise and sunset. No lateral overhanging was set to
allow easy wind circulation, thus preventing excessive
heating beneath the cloths. Daily integrals of photo-
synthetic photon flux (PPF) at pasture height resulted
in the following light regimes: 100% light (SO), 50%
(S1) and 30% (S2).

Treatments (n = 3) were arranged under a split-plot
design, with three light regimes as main plots (12 m
long x 1-8 m wide) and two levels of nitrogen (N)
fertilization: with N (N+) and without N (N—) as sub-
plots (5-5 m long x 1-8 m wide). Main plots were sep-
arated 2 m from each other. For a 6-month period
prior the beginning of the experiment, all plots were
mown every 6-8 weeks to 0-05-0-1 m high. At the
beginning of that 6-month period, a complete formula
of N:P:K (12:24:12) fertilizer was applied on each plot
at a rate of 5:10:5 kg ha '. Afterwards, with each uni-
formity cut, N (as urea) was added to N+ stands at a
rate of 70 kg ha~'. Once the experiment started, the
amount of N to be added to each N+ plot (50 kg ha™!)
was fractioned in three equal doses applied at days 0, 14
and 28 to ensure high N availability for the N+ stands
throughout the measured regrowth period (RP).

All plant and soil measurements were recorded
weekly during the 6 weeks of the RP, which was
established at the end of the rainy season (26 October
—7 December 2006). On day 0 of RP, the pasture was
mown to a height of 0-05-0-1 m, and the harvested
material removed from the plots. Gravimetric soil
water content (0-0-1 m) was only measured in the
fertilized sub-plots of SO, S1 and S2. At weekly inter-
vals, a total of three paired readings measurements of
incident radiation (PPF;, above sward canopy) and
transmitted radiation (PPF,, at sward cut level) were
made within each sub-plot. A ‘line quantum sensor’
(model LI-191SB; LICOR Inc., Lincoln, NE, USA) was
used under a clear sky day to calculate the PPF,/PPF;
ratio or fractional incident radiation around midday.
Continuous daily measurements of light within the
canopy were not possible, so the PPF/PPF; ratio
obtained at a particular sampling date was taken as
the mean light transmittance (7) for the whole week.
Three light-related parameters (Guenni et al., 2005)
were estimated along RP: (i) the light extinction coef-
ficient within the leaf canopy (k), derived from the
relationship T = a exp™@! and representing an index
of light interception efficiency, (ii) the fractional inter-
cepted photosynthetic photon flux (fPPF), where
fPPF = 0-96(1 — T) (the value 0-96 accounts for the
proportion of light reflected by soil type, according to
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Sinoquet and Cruz, 1993) and (iii) the radiation use
efficiency (RUE): the slope (b) between accumulated
above-ground biomass (Y) and the amount of cumula-
tive fPPF (X). RUE was obtained by the equation
Y = a + bX. Total amount of intercepted PPF (MJ m™?)
across harvests was calculated from the absolute inci-
dent short wave radiation (R,) values obtained from
meteorological data, so X = 0-48R,fPPF. The constant
0-48 is used to convert R, into PPF values (Sinclair
and Muchow, 1999).

Once PPF,/PPF; was recorded, a new area of
0-25 x 0-5 m” each was selected every week for dry
matter yield determination. All plant material 0-05—
0-1 m above ground was harvested and weighed.
Afterwards, a sample was randomly selected and sepa-
rated into leaf (leaf lamina), stem (stem + leaf sheath)
and dead material. A subsample of fresh green leaves
was selected at each harvest to measure leaf area with
a leaf area metre (model CI-202; CID Bio-Science,
Inc., Camas, WA, USA), before all plant components
were oven-dried at 60°C. The SLA (cm? g~') and leaf
area index (LAIL: SLA x total green leaf weight per
unit ground) were then calculated from leaf area (LA)
and dry weight measurements.

Plant samples were also dried and ground (0-2 mm
mesh) to determine the concentration of total N (Kjel-
dahl digestion) and K (spectrophotometric atomic
absorption technique). Determinations of N and K
fractions in plant material could only be performed on
SO and S1. Total N and K contents in the forage bio-
mass (gm ) were calculated as forage dry
weight x nutrient concentration. Possible changes in
the N nutritional level of the pasture induced by the
interaction shade x fertilization were investigated by
initially plotting the relationship between total N
uptake by the aerial biomass (y, kg ha™') and forage
dry matter accumulation (x, t ha~') along RP. The
resulting curves for the different light x soil N combi-
nations (in this case only SO and S1 were included in
the analysis) were compared against the theoretical
curve (i.e. the critical evolution of N uptake to achieve
maximum crop growth rate) predicted for a C4
grass stand during vegetative growth: N uptake
(kg ha 'y = 100 (DM)'~# where o = 3.6, § = 0-34 and
DM is shoot dry weight in t ha™' (Cruz, 1995, 1997).
The coefficient 10 corresponds to the crop N uptake
when N is expressed in kg ha™' and depends on the
steady-state N supply of the crop. The value of 1 — f
is the ratio between the relative crop N uptake rate
and crop relative growth rate (Lemaire and Gastal,
2009). A high degree of similarity between the result-
ing curve obtained from experimental data and that
predicted by the previous model implies an optimal N
nutrition level for the grass stand being studied (Cruz,
1997; Guenni et al., 2005).



S. Gomez et al.

Daily cycles of leaf water potential (¥;) and net
CO, exchange (A) could only be carried out on fertil-
ized sub-plots. Young fully expanded leaves per plot
(n = 3-4) were selected, and ¥, and A were measured
at days 21 and 34 with a pressure chamber (model
3005; SoilMoisture Equipment Corp., Goleta, CA,
USA) and a portable IRGA (model Lci, ADC BioScien-
tific Ltd., Hoddesdon (Herts), UK) coupled to a leaf
chamber (model LCA2, ADC BioScientific Ltd.) respec-
tively. Net photosynthesis measurements on fertilized
plots were also carried out at day 42 of a second RP.
Although all treatments could not be compared, yet
by measuring A on fertilized SO, S1 and S2 stands,
potential shade effects were maximized and negative
effects of soil N deficiency were minimized. With
paired data of A and PPF at leaf level, daily variations
in the instantaneous light use efficiency (A/PPF) were
calculated. Additionally, to fully contrast low and high
irradiance effects on net CO, exchange, the photosyn-
thetic light response of individual leaves was assessed
on fertilized SO and S2 stands. The photosynthesis (A4)
—light curves were obtained from a 40-day-old pasture
and during a clear day, between 11:00 and 13:00 h.
Recently expanded leaves (n = 3) were chosen in each
case. Different PPF intensities reaching the leaf were
obtained by increasing the number of layers of a par-
ticular shade cloth over the leaf chamber (Dias-Filho,
2002). The light response curves were analysed with
the classical four-parameter non-rectangular hyperbola
(Marshall and Biscoe, 1980; Charles-Edwards, 1981,
1982). The leaf photosynthetic parameters are summa-
rized in Lambers ef al. (2008, p. 27). The mathematical
model has been recently applied to compare the per-
formance of sun and shade-acclimatized leaves of
tropical and temperate forage grasses (Dias-Filho,
2002; Peri et al., 2007). The shape of the light response
curve is based on the following equation:

O.1+ Amax —\/{(9.I) + Amax)* — 4.0.0.1. Amax}
A=
20

7Rd

where Amax is the light-saturated rate of gross photo-
synthesis at ambient CO,, @ is the apparent quantum
yield based on incident PPF (I), @ is an index of curve
convexity, with a 0-1 range (@ = 0 results in a rectan-
gular hyperbola, @ <<'1 implies a non-rectangular
hyperbola) and finally R, refers to the leaf dark respi-
ration. For curve- fitting purposes, initial Amax values
(i.e. 36:0 and 29-4 umol m2 s™' for SO and S2 respec-
tively) were provided by the A vs. PPF relationship
obtained from the field. The input value of @ was cal-
culated as the slope of the curve between 100 and
400 ymol m™2 s™' of PPF. As R, was not measured in

this study, initial values of 3-5 and 2-4 umol m 2 s *

for SO and S2, respectively, were taken from the data
reported by Dias-Filho (2002) on two related species:
B. brizantha and B. humidicola.

Field data were initially analysed according to the
SAS’ anova procedure for a split-plot design. Light
intensity and soil nitrogen were the main and second-
ary factors respectively. Subsequently, at each sam-
pling date, data were analysed in a two-way ANova
(SAS Institute, 1989). Mean comparisons among treat-
ments were carried out by the Duncan’s test at
P = 0-05. The UNIVARIATE procedure (SAS Institute,
1989) was used for testing data normality. Under non-
normality conditions, data were log;o (x + 1) or arc-
sine transformed. Otherwise, data were analysed by
the Friedman’s two-way non-parametric aNova (SAS
Institute, 1989).

The fitting of the net leaf photosynthesis (A) vs.
incident PPF (I) data to the corresponding non-rectan-
gular hyperbola (previous equation) was performed
using the NLME method of R statistical package (R
Development Core Team, 2008). Differences in light
responses between fertilized SO and S2 were analysed
by non-parametric statistic (Wilcoxon rank sum test).
Statistical comparisons of both data sets were made on
the fitted parameters: light compensation point, @,
and R;. The SAS-NLIN procedure was used to fit fPPF
vs. time data to a second-order polynomial equation.

Results

Throughout the experiment, maximum variation in
daily temperature was within the range 21-2-36-8°C,
with a total rainfall of 267 mm distributed according
to Figure 1.
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Figure | Total weekly rainfall (bars) and soil water content
at 0-0-1 m (lines) by the time of harvesting in stands of Bra-
chiaria decumbens under different photosynthetic photon flux

intensities. SO: 100%, SI: 50% and S2: 30%. Soil water data
are means of six replicates over fertilized (N+) conditions.
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Gravimetric soil water content (0-0-1 m) on fertil-
ized plots showed the same trend among light regimes
(Figure 1), decreasing from 17% (day 7) to nearly
12% (day 21), because of no rainfall on week 2. Mini-
mal soil water contents were recorded 21 d after
mowing, varying from 8% (SO) to 14% (S2)
(P = 0-05). From day 21 onwards, soil water contents
were higher owing to increased rainfall, so final values
at the end of the experiment were in the range 16%
(SO) to 18% (S2).

Leaf water potential (¥;) varied according to inci-
dent solar radiation during the day, with a negative
peak (—1-12 £ 0-11 MPa) from midday to mid-after-
noon (ca. 12:00-15:00 h) and higher (less negative)
values (—0-62 £ 0-16 MPa) early in the morning and
late afternoon. After 21 d of regrowth, midday W¥; was
slightly lower (—1-24 + 0-02 MPa) under SO than S1
(—1-12 £ 0-02 MPa; data not shown). Such differences
were maintained at day 34. However, in all cases, V,
variations throughout the day did not exceed
0-5 MPa.

Leaf photosynthetic response to light intensity

After 21 and 35 d of RP, maximum leaf photosynthe-
sis under full sunlight and fertilized conditions was
33.1 3.2 yumol m™2 s~' soon after sunrise. High A
values above 25 ymol m™? s~ were maintained until
mid-afternoon, with a decrease in 10-2 +
0-8 umol m~2s™' at 16:00 h (data not shown). In
contrast, a peak of 252+ 0.7 umolm™2s~' was
recorded for S1 around midday, with minimum values
in the range 4-11 gmol m~2 s~ at early morning and
late afternoon. Although leaf net photosynthesis was
almost always higher under SO, A values became
much closer to those recorded under S1 around noon.
This resulted in comparable or even higher instanta-
neous light use efficiencies (A/PPF) at 50% sunlight
reduction.

The response of individual leaves to light intensity
was also studied when A was measured after 40 d of a
subsequent RP under similar soil conditions (N+). A
greater decrease in A was observed in S1 and S2 when
compared with S0, although the corresponding
decrease in net CO, exchange was not proportional to
the reduction in light intensity (Figure 2a). During
hours of more evaporative demand, A/PPF was how-
ever higher in leaves under shade (Figure 2b). For the
rest of the day, relatively low reductions in A under
S1 and S2 induced similar net CO, assimilations per
unit of incident radiation among treatments.

When analysing the A-PPF curves (Figure 3), maxi-
mum recorded values of net photosynthesis (A) were
27-4 (S2) and 325 (SO) umolm™2s™' over a
PPF range of 900-1900 umol m*s~'. The light
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Figure 2 Daily changes in (a) net photosynthesis (A) and
(b) instantaneous light use efficiency (A/Q) of Brachiaria de-
cumbens leaves under different photosynthetic photon flux
intensities. SO: 100%, SI: 50% and S2: 30%. Data are means
of 9—12 replicates (3—4 leaves per block), and vertical lines
on bars are standard deviations of means.

compensation point varied from 13-25 (S0) to 12-31
(S2) umol m™ s™'. The apparent quantum yield (@)
ranges for SO and S2 were 22-8 x 10°-43-3 x 10>
and 287 x 107°—47-0 x 107> mol CO, (mol pho-
ton) ! respectively. The curve shape factor (@) varied
between 0-80 + 0-17 (S0) and 0-97 £ 0-03 (S2). Esti-
mated R, values were within the ranges 1-64-3-39
(S2) and 1-93-3-97 (S0) umol m 2 s '. No differences
were found between SO and S2 for any of the evalu-
ated parameters.

Forage yield, dry matter partitioning, LAl and
SLA variations

Until day 21 of RP, total above-ground biomass accu-
mulation was similar (£50 g m~?) across light and soil
N treatments. Once rainfall started, a sustained
increase in forage dry weight was observed in all grass
stands, although differences among treatments were
more marked during the last 2 weeks of RP. SON+
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Figure 3 Photosynthetic response (A) to light of leaves of
Brachiaria decumbens grown under fertilized conditions (+N)
and acclimatized to two irradiance intensities: SO (100% sun-
light) and S2 (30% sunlight). The two lines represent simu-
lated values obtained from the theoretical light response
curve (Lambers et al, 2008; see Materials and methods).

stands showed the highest (429 ¢ m™2) and SON— the
lowest dry matter yield (162 g m 2% Figure 4).

The pattern of leaf and stem biomass accumulation
with time was comparable and followed the same
trend as for total aerial biomass (data not shown),
with a sharp increase in the biomass of both plant
components after week 3 of regrowth. Relative contri-
butions of both plant components to total forage yield
were not affected by light intensity or N fertilization,
so a similar leaf/stem ratio over all treatment combi-
nations was observed, with mean values over
light x soil N conditions decreasing mainly with sward
age: from 4 £+ 2.0 (day 14) to 1-3 + 0-2 (day 42).

At day 35 of RP, the interaction between main
effects (i.e. light intensity x soil N) on total above-
ground biomass was not significant (P = 0-31),
whereas main effects were significant for light inten-
sity only (P =0-02). As PPF was reduced, a general
decrease in the accumulation of above-ground biomass
was observed. The highest percentage reduction in
total, leaf and stem dry weight was recorded at S2: 47
—49% of the biomass yielded at SO (Table 1). Regard-
less of soil N condition, shade induced a reduction in
dead biomass, with 70-80% decrease at S1 and S2
(Table 1).

Over all light conditions, at day 35, shoot biomass
and the dry weight of all plant components were simi-
lar between N— and N+ stands (Table 2). At the end
of RP (day 42), the light x soil N interaction effect
was again not significant for total biomass (P = 0-23).
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Figure 4 Dry matter yields of fertilized (a) and unfertilized
(b) stands of Brachiaria decumbens under different photo-
synthetic photon flux intensities. SO: 100%, SI: 50% and S2:
30%. Data are means of three replicates, and bars are stan-
dard deviations of means.

In this case, light intensity was the only main effect to
be significant (P = 0-01). Dry matter yields (g m™2)
from S2 to SO were within the ranges 156-364, 91—
174, 60-167 and 6-23 for total above-ground, leaf,
stem and dead biomass respectively (Table 1).
Although in the N— plots leaf dry weight was reduced
by 14%, final total dry weights were similar for both
soil N conditions (Table 2). An increase in dead mate-
rial biomass (although no significant)
accounted for leaf dry matter reductions.

Leaf area index increase was proportional to that
recorded for leaf dry weight. Accumulated LAI at day
35 ranged from 2:2 (S2) to 3-0 (SO) (Table 1). By the
end of the experiment, leaf area production was only
influenced by soil N (P = 0-04), with LAI varying from
2-4 (N—) to 3-3 (N+) (Table 2). On the other hand, for
the last two harvests, variations in SLA were strongly
influenced by either PPF or soil N (0-0003 < P < 0-05),
with no significant interaction between main effects.
Consequently, over the two soil N conditions, a clear
increase of SLA (i.e. 39-46%) was observed with

may have
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Table | Total above-ground, leaf, stem and dead biomass, leaf to stem ratio (L:S), leaf area index (LAl), specific leaf area (SLA)
and fractional intercepted radiation (fPPF) of plots of Brachiaria decumbens under different PPF intensities. Values are given for
the last two harvests (days 35 and 42) of the regrowth period.

PPF intensity Total, g m > Leaf,g m ?> Stem,gm > Dead, gm > LsS,gg ' LALm’m > SLA, cm*’g ' fPPF
Day 35
SO (100%) 29297 148-2° 127-1° 17-4° 1.2° 3.0° 200-3¢ 0.79%
S1 (50%) 183-1° 101-7° 76-1° 5.4° 1-4° 2.5 243.0° 0-68°
S2 (30%) 149-5° 79-2" 64-7" 3.8" 1.3 220 27847 0-58¢
% variation* ~ —49 —47 —49 78 +8 —-30 +39 -27
Day 42
SO (100%)  364-0° 174.2° 166-5° 22.8° 1-1° 3.3 184-1° 076
S1 (50%) 242.4° 128-1° 108-0° 6-4° 1.2° 2.7° 230-37 0-64°
S2 (30%) 156-2¢ 90-7¢ 60-0° 5.5" 1-6% 2.4° 267-8° 0-50¢
% variation*  —57 —48 —64 76 +46 —27 +46 —34

Significant differences (P = 0-05) among PPF intensities are denoted by different letters within each column. *Maximum varia-

tion in each plant trait with respect to SO is also given.

Table 2 Total above-ground, leaf, stem and dead biomass, leaf to stem ratio (L:S), leaf area index (LAl), specific leaf area (SLA)
and fractional intercepted radiation (fPPF) under fertilized (N+) and non-fertilized (N—) plots of Brachiaria decumbens. Values are
given for the last two harvests (days 35 and 42) of the regrowth period.

Soil N
condition Total, gm > Leaf,gm > Stem,gm > Dead,gm > LS, gg ' LALm>m 2 SLA, cm’g ' fPPF
Day 35
N+ 243.1° 129.8° 104-4° 8.8° 1.4 3.2° 257.8° 0-74°
N— 173.9 89.5° 74.1° 8.9° 1.2 2.0° 223.4° 0-63%
Day 42
N+ 270-7° 1411° 119-8° 9.7° 1.3 3.3? 247.7° 0-64°
N— 237.7° 120-8° 103-27 13.4° 1-3* 2.4° 207-1° 0-62°

Significant differences (P = 0-05) between soil N conditions are denoted by different letters within each column.

decreasing light intensity, with final values (day 42)
within the range 184-1 (S0)-267-8 (S2) cm?® g '
(Table 1). At the end of the experiment, SLA was
observed to be higher at the fertilized (247-7 cm? g~ ')
than unfertilized (207-1 cm® g~') stands, representing
an increment of around 20% (Table 2).

Nutrient content and accumulation in the
forage biomass

Similar N and K concentrations in forage tissue were
observed for SO and S1 along RP (data not shown),
and this was independent of soil condition. A general
increase in nutrient concentration was observed from
days 7 to 21 of regrowth, with a subsequent gradual
decrease in both elements. This pattern was more
obvious for K than N. The mean fractions of these

© 2012 Blackwell Publishing Ltd. Grass and Forage Science

elements decreased from a maximum of 3-27 + 0-:32%
(day 21) to a minimum of 1-71 + 0-32% (day 42) and
from 2-28 + 0-38% (day 21) to 1-44 = 0-29% (day 42)
for K and N respectively.

Over the two light regimes, forage N concentration
during the last 2 weeks of regrowth were higher
(P = 0-05) under fertilized plots than unfertilized plots;
mean values ranged from 1-38 £0-03% (N—) to
2.03 + 0-002% (N+) and from 1-24 + 0-28% (N—) to
1-64 £ 0-10% (N+) at days 35 and 42 respectively.
Forage K concentration was similar between soil N
conditions at day 35 (2:22 +0:17%) and higher
(P =0-05) under N+ stands (1-88 + 0-23) than N—
stands (1-44 + 0-09) at day 42.

When compared with the theoretical curve for a C4
grass, in all treatments the N nutritional level of the
pasture sward was lower than expected. However, the



S. Gomez et al.

related curves for SIN+ and especially SON+ were clo-
ser to the predicted pattern of N accumulation in the
forage biomass (Figure 5).

Efficiency of solar radiation interception and
use

Mean k values (i.e. decrease in fractional incident PPF
per LAI unit) varied from 0-25 (SIN+) to 0-49 (SON—),
with no differences among irradiances and between
soil N conditions. The highest proportion of fractional
intercepted PPF (S) was recorded at days 35 and 42,
without any significant interaction between light
intensity and soil N. At day 35, S increased (P = 0-05)
from 0-58 (S2) to 0-79 (SO). At final harvest (day 42),
S values ranged in the increasing order (P = 0-05):
0-50 (S2) <0-64 (S1) <0-76 (S0). At both days, no dif-
ferences were found between soil N conditions, with S
ranging between 0-62 and 0-74. Maximum § values
(i.e. 0-70-0-80) were reached around LAI = 3-5 (SIN+,
SON+; Figure 6).

Radiation use efficiency values among the different
grass stands are shown in Table 3. In this case, the
interaction light intensity x soil N condition was
highly significant (P = 0-01), so light intensity effects
on RUE were dependant on soil fertility, and differ-
ences caused by soil N conditions were relative to light
intensity. On fertilized (N+) stands, RUE showed a
clear decrease with decreasing light intensity, with a
maximum value of 4-1 ¢ MJ™" at SO and a minimum
of 1.6 g MJ™" at S2. At N— conditions, light intensity
did not modify RUE, which had a mean of
2:5+0-3 g MJ™! over light treatments. In SO stands,
RUE was reduced from 4-1 (N+) to 2.7 ¢ MJ™' (N—)
(34% decrease), whereas the opposite effect
was observed at S2 stands, with an increase of 38%

(1.6-2-2 ¢ MJ™") in RUE from N+ to N— condition. At
50% light reduction (S1), RUE did not differ between
N+ and N-— stands and had a mean value of
2-5+ 0-4 g MJ ! (Table 3).

Discussion

Responses at leaf level

Plant acclimation under restricted irradiance implies a
substantial carbon investment in leaf area expansion
for light capture. Leaves of B. decumbens acclimated to
artificial shade showed several traits that differed
from those that grew under full daylight. Shade-
induced changes in biomass allocation (measured by
the leaf to stem ratio) were less important than those
observed in SLA, as reported previously in other trop-
ical grasses (Baruch and Guenni, 2007; Paciullo et al.,
2007; Guenni et al., 2008; Hernandez and Guenni,
2008).

Increased SLA as irradiance decreases is common
in shade-acclimated leaves (Humphreys, 1994; Cruz
et al., 1999; Walters, 2005; Peri et al, 2007). This
response has been morphologically associated with
thinner, longer and wider leaves (De Castro et al.,
1999; Peri et al., 2007; Guenni et al., 2008) and ana-
tomically with thinner epidermis, and smaller cell size
and lower number of cells in the mesophyll (Walters,
2005; Peri et al, 2007). Thinner leaves may imply a
lower construction cost of leaf area, which compen-
sates for a reduction in light availability, although
with the consequent cost in water loss. However, no
apparent water stress was observed in shaded leaves
throughout the experiment, and this may have been
assisted by a reduction in stomatal density with shade
(Walters, 2005).

100 -
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1-0 -

0-9 4

Fractional intercepted PPF (fPPF)

Figure 6 Fractional intercepted
photosynthetic photon flux (fPPF) of
stands of Brachiaria decumbens as a
function of leaf area index (LAl) over

y =—0-038x2 + 0-326x + 0-062 (R = 0-78, P = 0-05)

all light and soil N treatments. Data
were fitted with a quadratic function.

Table 3 Variation in radiation use efficiency (RUE, g MJ™")
in Brachiaria decumbens under different photosynthetic pho-
ton flux (PPF) intensities and soil N conditions (+N: with fer-
tilization, —N: without fertilization).

PPF intensity

Soil N condition SO (100%)  SI1 (50%)  S2 (30%)
N+ 4.09%4 2.16" 1.59"8
N— 2.68%" 2.76™ 2.18%4

Different small and capital letters denote significant differ-
ences (P = 0-05) among light intensities within soil N condi-
tions and between soil N conditions at a particular light
intensity respectively.

Assuming that leaf anatomical structure and hence
CO, mesophyll conductance were not highly modified
in this C4 grass under decreased irradiance (Sage and
McKown, 2006), differences in instantaneous light use
efficiency of leaves from contrasting irradiance envi-
ronments may be rather caused by changes in the
photosynthetic apparatus activity.

Although the measured leaf N levels in fertilized
stands may still indicate suboptimal N nutrition (Cruz,
1997), the regression line for S1 (50% reduction in
sunlight) was slightly closer to the theoretical curve
than that of SO (full sunlight). Additionally, leaf N
concentration was comparable between SO and S1.
Consequently, a rather similar net CO, exchange and
equivalent or even higher A/PPF ratios around midday
may be associated with shade-acclimated leaves hav-
ing more leaf N being invested in the light-harvesting

© 2012 Blackwell Publishing Ltd. Grass and Forage Science
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complexes, so the apparent quantum yield (@) can be
maximized (Terashima and Hikosaka, 1995; Lambers
et al., 2008). In glasshouse conditions, the potential
efficiency of chloroplast photosystem II (PSII) of
B. decumbens remained unaltered at 70% PPF,
although it was markedly affected at 40% PPF (Bar-
uch and Guenni, 2007). Although the potential effi-
ciency of PSII was not measured in this study, a high
plasticity in the light-harvesting system functioning is
postulated, and this may be supported by the fact that
even at 70% reduction of sunlight (S2), @ (derived
from the light response curve) was not reduced. Only
the shape of this curve was altered by PPF reduction,
with the photosynthetic rate of 30% PPF (S2) leaves
being apparently higher at low irradiance (Figure 3),
probably because of their lower respiration rates (Lam-
bers et al, 2008), although not confirmed with the
present results. Likewise, the transition from the light-
limited part to the light-saturated level was relatively
less gradual in ‘shade-leaves’ (@ = 0-97) than ‘sun-
leaves’ (@ = 0-80) (Lambers et al.,, 2008). In addition,
net CO, exchange of shaded leaves was saturated at
900-1000 gmol m™2 s™*, in comparison with
>1500 umol m~2 s~' for full sunlight leaves, which
may show a stronger carboxilation limitation under
severe shade (30% sunlight). At similar PPF intensi-
ties, equivalent results were obtained by Dias-Filho
(2002) in two related species (B. humudicola and B. bri-
zantha): light-saturated leaf photosynthesis (Amax)
tended to be higher in sun-acclimated leaves, and @
was unaffected by the light regime imposed during
growth, the last being apparently a common response
(Terashima and Hikosaka, 1995). Reductions in the
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light compensation point are expected to be a conse-
quence of lower R; so at least upper leaves in the
canopy can sustain a positive C gain at low irradiance
(Lambers et al., 2008). Although in this field study R,
was not recorded, the fitted curves of Figure 3 sug-
gested no changes in this parameter from 100 to 30%
sunlight. On the contrary, dark respiration was found
by Dias-Filho (2002), as well as by Ludlow and Wilson
(1971) in P. maximum, to be lower at 30% sunlight.
Additionally, in this study, the light compensation
point was apparently not modified at low irradiance,
with predicted values within the range 12—
31 yumol m % s~'. These potential values are lower
than those (37-70 umol m™2 s™') reported by Dias-
Filho (2002) for B. humudicola and B. brizantha. For
further assessment of the potential for leaf photosyn-
thetic acclimation to low light intensities, direct mea-
surements of these parameters are then required.

Responses at canopy and stand level

To maximize light capture in herbaceous stands grow-
ing under shade, LAI may be increased, maintained
and/or leaf arrangement and inclination modified with
height, so the canopy photosynthesis/respiration ratio
is optimized (Givnish, 1988; Wilson and Ludlow,
1991).

One way of having higher LAI is by more biomass
allocation to leaves. Here, both components of forage
yield were equally affected by shade, so the leaf:stem
ratio was not altered. Baruch and Guenni (2007)
reported similar results in three Brachiaria species,
including B. decumbens.

Maximum LAIs measured here are comparable
with those reported previously for several Brachiarias
under full sunlight (Guenni et al., 2005) or in silvopas-
toral systems (Hernandez and Guenni, 2008). Acclima-
tion capacity of B. decumbens to restricted sunlight was
evident, as LA expansion was not affected even at
70% PPF reduction at the field. Comparable LAIs
under contrasting irradiances may be the result of
compensatory effects between tiller density and LA/til-
ler, with fewer tillers at low irradiance having larger
LA. Although tiller density was not measured in this
study, this similar LAI response was partially attrib-
uted to a trade-off between carbon partitioning to leaf
biomass and the metabolic cost for leaf area construc-
tion. Here, leaf biomass reduction under decreasing
light intensity was compensated by approximately
45% increase in SLA. Assimilates required for expand-
ing laminae seemed to be produced at equivalent rates
under all light regimes, confirming early reports on
small or moderate effects of shade on leaf area
(Squire, 1990). However, in silvopastoral systems,
other limiting factors like water stress can alter the

effect of tree canopies on grass LA development (Her-
nandez and Guenni, 2008).

As shade had relatively lesser effects on leaf area
expansion than on biomass accumulation, it was
expected that the observed higher level of N nutrition
in fertilized stands would reflect a greater increase in
final LAI and hence dry matter yield. This was particu-
larly the case at full sunlight, where added N induced
an improvement of N uptake per unit of stand bio-
mass, thus allowing a higher shoot N concentration
and a larger LA accumulation along the RP. Accord-
ingly, total forage biomass accumulation was the high-
est in this case. Because the observed effects of
irradiance and soil N on dry matter yield were inde-
pendent, total accumulated above-ground biomass was
then proportional to either the amount of sunlight
intercepted during regrowth or the level of N avail-
ability.

Under non-limiting situations, biomass accumula-
tion is largely determined by the interaction between
fractional intercepted PPF and canopy RUE (Charles-
Edwards, 1982; Squire, 1990; Stockle and Kemanian,
2009). Light interception is highly dependent on LAI
and k, the latter being a function of leaf insertion
angle and leaf distribution with height. The k values
obtained in this study (i.e. 0-3-0-5) correspond in gen-
eral to canopies with more erect leaves (Nobel et al.,
1993; Terashima and Hikosaka, 1995). As a result, rel-
atively similar patterns of light extinction within cano-
pies exposed to contrasting radiation intensities and
soil N conditions may rather suggest little plasticity in
canopy structure (i.e. low variation in LA distribution
and/or leaf arrangement with height). Therefore, in
this case, the degree of light interception appears to be
only a function of the amount of LA accumulated dur-
ing regrowth, because a common and significant qua-
dratic correlation (R? = 0-78, P = 0-05) was obtained
when S was regressed against LAI over all treatments
(Figure 6). Regardless of soil N condition, maximum §
values were always associated with full sun or 50%
PPF regimes. S values in this study were equivalent to
those (0-6-0-8) found in five Brachiaria species after
35 d of regrowth at the field (Guenni ef al., 2005). An
S value around 0-8 has been considered a critical frac-
tion for maximum N accumulation in stands of differ-
ent cereals and grain legumes (Giunta et al., 2009).

Variation in dry matter yield was also closely
related to differences in RUE among grass stands. Sun-
exposed and fertilized stands (SON+) with the highest
accumulated biomass (429 g m~?) showed the maxi-
mum calculated RUE (4-1 g MJ™"), which was well
above the range obtained for other grass stands (1-9—
2.9 g MJ™") and related values reported elsewhere
(Guenni et al.,, 2005; Herndndez and Guenni, 2008;
Giunta et al., 2009; Stockle and Kemanian, 2009), but
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similar to the maximun estimated for C, grasses
(Squire, 1990; Cruz, 1996). Under 30% PPDF and fer-
tilized stands (S2N+), the lowest RUE (1-6 g MJ™")
was observed, with the corresponding lowest dry mat-
ter yield of 150 g m™2. The narrower range of varia-
tion in RUE among the other grass stands may point
out a rather positive effect of shade on N nutrition
and an effective compensatory response of this grass
to restricted radiation.

The observed high radiation use efficiency for fer-
tilized stands is expected as RUE is highly dependent
on leaf N (Sinclair and Horie, 1989; Cruz, 1995; Cruz
et al., 1999). Mean forage N concentrations along the
RP were within the range 1-7-2:5%, which are close
to the critical value (>2%) for C4 plants to maximize
yield (Lemaire et al., 1989; Greenwood et al., 1990).
As mentioned previously, when compared with the
theoretical pattern for a C4 plant, the observed N
uptake by SON+ stands showed a lower N accumula-
tion per unit of accumulated forage biomass. Nonethe-
less, a fractional radiation interception and RUE close
to the potential may rather indicate non-limiting con-
ditions for canopy photosynthesis and hence biomass
production in the full sunlight and fertilized plots.
Therefore, as suggested elsewhere (Guenni ef al,
2005), maximum forage yields in B. decumbens may be
achieved with relatively lower soil N requirements.

Integrated responses to optimize light capture
and use under shade

Maximum efficiency of light and N wuse under
restricted irradiance is expected to be achieved if every
component (i.e. leaf) of the whole grass stand photo-
synthesizes at its potential rate (Givnish, 1988; Tera-
shima and Hikosaka, 1995). Plants of B. decumbens
compensated efficiently for low irradiance by primarily
increasing SLA and minimizing the cost of tissue con-
struction. Secondly, and not less interestingly, under
restricted light environments, recently expanded
leaves were capable of maintaining their functional
integrity for photosynthesis, so light use efficiency was
maintained and even increased when compared with
those developed under full sunlight. Therefore, accli-
mation responses including anatomical and/or bio-
chemical adjustments to shade are expected to be less
pronounced in C4 plants (Sage and McKown, 2006).

Although 30% PPF did not induce a lower dark res-
piration and light compensation point, as it would be
expected for shade-acclimatized leaves, an improved
daily C balance under shade may have been achieved
by the observed tendency of having the same light-sat-
urated rate of photosynthesis at lower irradiance.

Light penetration into the canopy under shade was
facilitated by maintaining a trend for upright leaves
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and thus positive C balances even at lower leaf strata.
Consequently, fractional intercepted light should be
proportional to the amount of leaf biomass and hence
LA production. Leaf dry weight accumulation was in
turn a function of soil N nutrition and total inter-
cepted radiation during regrowth. Overall, total inter-
cepted PPF and hence forage biomass production was
affected mostly under severe light restrictions (i.e.
70%), which such reductions in irradiance being likely
to occur at least during part of the year in most tropi-
cal silvopastoral systems (Cruz et al., 1999; Hernandez
and Guenni, 2008).

In conclusion, although none of the discussed plant
traits could improve forage biomass under decreased
irradiance, the persistence in B. decumbens of relatively
high and similar RUE values over N— and N+ condi-
tions and 30-50% sunlight seems to be an important
strategy for maximizing light conversion into biomass
and hence persistence under shade. B. decumbens can
be considered a sun-shade generalist (according to
Sage and McKown, 2006), being successful in both
open pastures and partially shaded habitats of tropical
silvopastoral systems.
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