293

Scientia Agricola

Adaptation of the C, grass Panicum maximum to defoliation is related to plasticity of

N uptake, mobilisation and allocation patterns

Patricia Menezes Santos!'*, Barry Thornton?, Moacyr Corsi®

'Embrapa Pecuéria Sudeste, Rod. Washington Luiz, km 234,
C.P. 339 - 13568-800 - Sao Carlos, SP — Brasil.

2The James Hutton Institute, Craigiebuckler, Aberdeen AB15
8QH - UK.

3USP/ESALQ - Depto. de Zootecnia, C.P. 09 — 13418900 -
Piracicaba, SP - Brasil.

*Corresponding author <patricia@cppse.embrapa.br>

Edited by: Leonardo Oliveira Medici

ABSTRACT: Dry mass production and persistence of Panicum maximum pastures depends on ni-
trogen supply. Defoliation influences N uptake and allocation patterns yet its effects on plasticity
of N dynamics in P. maximum have not been investigated. Stable isotopes of N (**N) were used
in order to test the hypothesis that defoliation in terms of proportion of the leaf area removed
effects N mobilisation, uptake and allocation patterns in P. maximum. The plants were initially cut
weekly to a height of either 0.15 m or 0.30 m for seven weeks. Eight weeks after the first defo-
liation, all plants were defoliated for a final time to remove 0, 25, 50, 75 or 100 % of the area
of each individual leaf blade of the main tiller. Root N uptake was reduced when all leaf area was
removed, but more lenient defoliation improved N uptake due to a positive effect on specific N
uptake. Young leaves, side tillers and roots were the main sinks for N from root uptake. Roots of
P. maximum became a net source of N for mobilisation immediately after severe defoliation. Root
uptake was the main source of N for new growth in P. maximum plants. Allocation pattern of mo-
bilised N was different from that of N derived from root uptake. It was concluded that adaptation
of P. maximum to defoliation is related to plasticity of N uptake, mobilisation and allocation, but
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Introduction

P. maximum is a tropical grass originally from Afri-
ca (Muir and Jank, 2004). Commercial cultivars are rec-
ommended for regions with 800 to 1800 mm of annual
rainfall in well-drained soils (Muir and Jank, 2004). In
Brazil, it has been used for grazing and silage production
because of its high dry mass production, but it does not
sustain heavy defoliation in areas of low soil fertility.

Dry mass production and persistence of P. maximum
pastures depend on N supply (Andrade et al, 2001). The
ability of plants to store, mobilise and reuse N has been
suggested as a mechanism of adaptation to lower soil fertili-
ty environments (Aldana and Berendse, 1997). Santos et al.
(2002) observed that as N supply was reduced the C, grass
Poa trivialis was more plastic in the allocation of mobilised
N than the C, grass P. maximum and suggested this may be
related to the low persistence of P. maximum pastures when
established in areas of relative low soil fertility.

Defoliation is an additional influence on N uptake
and allocation patterns in plants (see reviews by Volenec
et al., 1996; Schnyder et al., 2000; Thornton et al., 2000)
and its effects on plasticity of N dynamics in P. maximum
have yet to be investigated. Predicting the response of
grassland net primary production to increased grazing
intensity requires a better understanding of N dynamics
in the soil-plant system (Leriche et al., 2001).

Nitrogen availability for regrowth may be reduced
after defoliation due to a decrease in the N pool from
senescing leaves, lower root growth or a reduction in soil
N flux induced by lower crop transpiration (Lestienne et
al., 2006; Gastal et al., 2010; Durand et al., 2010). On the
other hand, plants can adapt to defoliation intensity by

changes in N dynamics did not offset negative impacts of complete defoliation of the plants.
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changing their shoot and root morphology and growth
rate (Matthew et al., 2000; Gastal et al., 2010) and, conse-
quently, changing both the amount of shoot material and
N stores bellow cutting height and the exploitation of the
soil by roots for water and nutrients uptake. Increased N
uptake per unit of root dry weight due to repeated defo-
liation has also been reported in the literature, enough
to mitigate the observed reduction of root mass for some
species (Thornton and Millard, 1996).

Plants may be defoliated in contrasting ways each
with different consequences for the plants ability to
adapt. When plants are trimmed to a specific height, both
leaf and sheath material can be removed. Alternatively,
defoliation may be on a leaf basis, removing a specific
percentage of the area of each leaf. This approach will
not damage sheaths and leaf meristems. This study aimed
to investigate the effect of different defoliation treatments
on the plasticity of N uptake and allocation patterns of P.
maximum. The hypothesis that defoliation to a set cutting
height and in terms of the proportion of the leaf area re-
moved affects N mobilisation, uptake and allocation pat-
terns in the C, grass Panicum maximum was tested. The
implications of results for management practices to im-
prove grassland persistence were also discussed.

Materials and Methods

Plant establishment

Eighty pots measuring 0.23 m in diameter were
filled with course sand (1 - 10 mm diameter) to a depth
of 10 mm and the remaining space was filled with fine
sand (0.25 - 0.7 mm diameter). The total volume of sand
used was 5.4 L. A disc of Tygan mesh (Bradley Lomas
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Electrolok Ltd, Eckington, UK) covered by a single layer
of Whatman No 1 filter paper at the base of the pots
prevented sand loss through the drainage holes. All filled
pots were completely flushed with deionised water three
times. Fifteen seeds of Panicum maximum (Jacq.) cv. Tan-
zania were then placed in the sand. The pots were then
arranged in a randomised split-plot design within four
replicate blocks: cutting height (0.15 or 0.30 m) and har-
vest (first and second harvest) on the main plot and final
defoliation level on the sub-plot (0, 25, 50, 75, 100 % leaf
area removal) within a controlled environment room
(Conviron, Winnipeg, Canada). Seeds were allowed to
germinate for three days in the dark at 30 °C with a rela-
tive humidity of 90 %. During this period the sand was
kept moist with deionised water at all times.

After germination, the plants were grown with a 12-h
photoperiod of 500 pmol m%s! photosynthetic active radi-
ation (PAR) at plant height and a constant relative humidity
of 60 %. The temperature was 30 °C during light hours and
26 °C in the dark. Three weeks after germination, the pots
were thinned to three germinated seedlings. Subsequently,
the three P. maximum plants within each pot constituted a
replicate; whilst each pot was the experimental unit, a deci-
sion was taken to present results on a per unit plant basis to
facilitate comparison with previous studies. Pots were wa-
tered to field capacity three times a week with a complete
nutrient solution identical to that used by Thornton et al.
(1993), except that N was supplied at 1.5 mol m™ NH,NO,.
Approximately, 18 mol of NH,NO, per pot were supplied
to the plants during the experiment.

Initial defoliation to fixed heights

Defoliation was started four weeks after germina-
tion. Plants were then cut weekly to a height of either
0.15 m or 0.30 m above the sand surface for seven weeks.
Generally, the 0.15 m treatment removed almost all the
leaf area and some meristematic tissues on each occasion,
whilst with the 0.30 m treatment part of the leaf area was
retained and no meristematic tissue was removed.

Final defoliation to remove leaf area percentages

Eight weeks after the first defoliation, all plants
were defoliated for a final time to remove 0, 25, 50, 75
or 100 % of the area of each individual leaf blade of
the main tiller. From the leaf blade material removed by
clipping it was established that for both initial defoliation
treatments (0.15 m and 0.30 m) linear relationships exist-
ed between the area and fresh weight of the leaf blades.
Hence, the proportion by weight of leaf blade removed
by clipping was calculated to estimate the proportion re-
moved on an area basis. Actual leaf area removed at final
defoliation of Panicum maximum plants from each treat-
ment was close to values initially proposed, characteris-
ing different levels of final defoliation severity (Table 1).
There were therefore ten defoliation treatments in total,
with each initial defoliation treatments (fixed cutting
height) subjected to one of the five final defoliation treat-
ments (percentage of leaf area removed).
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15N labelling, plant harvesting and sample analysis

Immediately following the final defoliation, four
replicate pots of each treatment combination were har-
vested (day 0). Concurrent with this harvest, the nutrient
solution was washed from all the remaining non-harvest-
ed pots with four changes of 1.0 dm? of deionised water
to avoid contamination of the new nutrient solution. Pots
were then flushed with four changes of a nutrient solution
identical to that initially used except all N was enriched
with N to 5.01 atom % abundance (Cambridge Isotope
Laboratories Inc, Andover, USA). Small rings made from
coloured-plastic coated wire were used to identify the two
youngest visible leaves on the main tiller immediately af-
ter the final defoliation (i.e., the two youngest leaves at
day 0). The plants were allowed to grow for one further
week, during which they received the *N enriched nutri-
ent solution and after which they were harvested (day 7).

At harvest, roots were separated from the shoot
and washed free of sand over a Imm-mesh sieve with
deionised water, resulting in minimal root loss, and then
blotted dry with paper towel. The shoot material was
separated into side and main tillers. Tillers not previ-
ously cut were considered as side tillers. Main tillers
were further separated into young leaves, old leaves
and stems. Leaf blades with attached sheaths older than
the two youngest leaves at day 0 were defined as old
leaves, whilst the two youngest leaf blades with attached
sheaths at day O plus any younger leaves were defined
as young leaves. The material remaining at the base of
the shoot after all leaves had been removed was defined
as stem. All plant material was weighed fresh and af-
ter oven drying at 65 °C, and then ball-milled (Retsch,
Haan, Germany) prior to analysis. The total N (*N + *N)
and N concentrations of the samples were determined
using a TracerMAT continuous flow mass spectrometer
(Finnigan MAT, Hemel Hempstead, UK).

Calculations

N supply was labelled with N after final defo-
liation to distinguish the use of stored N (unlabelled N)
from N taken up by root (labelled N) for regrowth. N
enrichment was used to calculate the uptake of N from
the N labelled nutrient solution (labelled N} using equa-
tions described earlier (Millard and Nielsen, 1989). Net
changes on labelled N content of different plant com-
partments represented allocation of N taken up by root.

Table 1 — Actual percentage of leaf area removed on final defoliation
of P. maximum plants initially cut to a height of 0.15 or 0.30 m.
Values are means (+ SE) of four replicates.

Leaf area removed
%

Defoliation severity

(% leaf area) 15¢cm 30 cm
0% 0+0 0+0
25 % 24 +1 27 +1
50 % 4612 52+2
75 % 66 +5 76 +£2
100 % 100+0 100+0
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The difference between the total and labelled N
contents was designated unlabelled N and was assumed
to be the N present within the plants at day 0. There was
no difference in the unlabelled N content of whole plants
between those harvested on day 0 and day 7, N mobili-
sation was therefore calculated considering the plant as a
closed system for unlabelled N over this period. For each
treatment, the content of unlabelled N and its partitioning
between the various plant compartments on day 0 and day
7 were established from plants harvested on those days.
It was assumed that plants of the same treatment, subse-
quently harvested on day 7, had the same partitioning of
unlabelled N on day 0 as the plants actually harvested on
day 0. Therefore, for the individual plants harvested on day
7, the unlabelled N contents of the plant components on
day 0 and day 7 could be established. Any increase in the
unlabelled N content of a plant compartment between day
0 and day 7 represented mobilisation of N to the compart-
ment from other plant parts. Similarly a decrease in unla-
belled N represented mobilisation out of the compartment
(Thornton et al., 1993; Thornton et al., 1994).

The relative contribution of N from root uptake (up-
take) and from mobilisation of stores (mobilisation) for new
growth of young leaves and side tillers was calculated by:

Uptake (%) = ((LabN,-LabN )/(TotalN, -TotalN ))*100
Mobilisation (%) = ((UnlabN,-UnlabN )/(TotalN -TotalN,))*100

where LabN, and LabN, refer to labelled N content of
plant compartment on days 0 and 7, respectively; Un-
labN, and UnlabN, refer to unlabelled N content of plant
compartment on days 0 and 7, respectively; TotalN  and
TotalN, refer to total N content of plant compartment on
days 0 and 7, respectively.

Specific uptake of N (SUN) was calculated as the
amount of N captured per mean root dry mass by:

SUN = (LabN,-LabN,)/((RDM,+RDM,)/2),

o N

Dry mass (g per plant)
o N A O ®

0% 25 % 50 % 75 % 100 %
Final defoliation severity (%)

0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Dry mass (g per plant)

0% 25% 50 % 75% 100 %

Final defoliation severity (%)

where LabN, and LabN, refer to labelled N content of
plants on days 0 and 7, respectively; and RDM, and RDM,
refer to roots dry mass on days 0 and 7, respectively.

Statistical analysis

All statistical analyses were performed using the
SAS system (SAS Institute, 2003). Analysis of variance
(ANOVA) was conducted to assess whether differences
were significant, and the Tukey test was used to com-
pare treatment means. Since the plants harvested on
day 0 had not received the '*N enriched nutrient solu-
tion, only results from day 7 were used for labelled N
analysis. The data were transformed prior to analysis
whenever the assumptions of ANOVA were violated.
Since the transformation did not affect interpretation of
results, untransformed data are presented for clarity.

Results

Plants initially cut to a 0.30 m height had higher
whole plant dry mass (p < 0.05) than those cut to a 0.15
m height, because of the greater weight of all plant com-
ponents. Young leaves dry mass increased between day
0 and day 7. Interaction between height and harvest was
not significant for whole plant dry mass. All defoliation
treatments achieved increases in whole plant and side
tillers dry mass throughout harvests on day 0 and day 7
(p < 0.05), with the exception of the 100 % defoliation
level (Figure 1A, B). Also, no increase of stem dry mass
was observed in the 75 and 100 % defoliation level treat-
ments (Figure 1C). The roots' dry mass increased from
day 0 to day 7 just in the 50 % defoliation level treatment
(p < 0.05, Figure 1D). The dry mass of old leaves did
not change from day 0 to day 7, but it decreased for old
leaves and young leaves (p < 0.05) as final defoliation
severity increased.

Total N content and unlabelled N of whole plants
and their individual compartments were higher for

080 1B
0.70 ODay 7

0.60
0.50
0.40
0.30
0.20
0.10
0.00

Dry mass (g per plant)

N

0% 25% 50 % 75% 100 %

Final defoliation severity (%)
400 1D
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

Dry mass (g per plant)

0% 25% 50% 75% 100%

Final defoliation severity (%)

Figure 1 — Effect of final defoliation severity and day of harvest on dry mass of (A) whole plant, (B) side tillers, (C) stems and (D) roots of P.
maximum. Values represent the means of four replicates and two initial cutting heights. Bars represent standard error of the mean.
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the 0.30 m than for the 0.15 m initial cutting height (p
< 0.05; Table 2). Increase in total N content of whole
plants between day 0 and day 7 was lower in the 100 %
defoliation treatment than in the other final defoliation
treatments.

For both 0.15 and 0.30 m cutting heights, the la-
belled N of whole plants was lower when the plants were
completely defoliated than when less than 100 % of the
leaf area was removed. There was no effect of cutting
height on the labelled N content of whole plants when
either 0 % or 100 % of leaf area was removed during final
defoliation. On the other hand, the labelled N of plants
subjected to an intermediate defoliation severity (25, 50
or 75 % of leaf area removed during final defoliation) was
higher when the plants were previously cut to a 0.30 m
height than when they were cut to a 0.15 m height.

Changes in total N content of individual plant com-
partments also occurred between harvests (Figure 2). Old
leaves of P. maximum were net sources of N when plants
were subjected to more lenient defoliation treatments (p <
0.05; 30 cm initial cutting height combined with less than

Table 2 — Total N content and unlabelled N of whole plants and
individual plant compartments for P. maximum initially cut to a
height of 0.15 or 0.30 m. Values are means (+SE) of four replicates
and two harvest.

50 % leaf area removal during final defoliation and 0.15
m initial cutting height combined with less than 25 % leaf
area removal during final defoliation). Young leaves and
side tillers were net sinks of N (p < 0.05), except by plants
initially cut to a 0.15 m height and completely defoliated
on day 0 where no net change on N content was observed
for side tillers (Figure 2). In side tillers and young leaves,
the increase of total N was higher for plants receiving a
final defoliation of intermediate severity. On the other
hand, for stems and roots changes in total N content be-
tween harvests were higher in the lower defoliation level
treatments (p < 0.05; Figure 2).

Changes in the net N content of plant compartments
described above represent the overall change in N due to
both uptake and its allocation and remobilisation of N. La-
belled N in young leaves and side tillers was higher with
final defoliation of intermediate severity (p < 0.05; Figure
3). In stems and roots, labelled N uptake increased as final
defoliation level decreased (p < 0.05; Figure 3). There was
no difference between the final defoliation severity treat-
ments on the labelled N content of old leaves, but labelled
N content of old leaves was higher for initial cutting height
of 0.30 m compared with 0.15 m. Labelled N was allocated
mainly to young leaves (45.9 to 69 % of labelled N content
in whole plants), followed by roots (14 to 31 % of labelled
N content in whole plants) (Figure 3). The relative alloca-

Total N content Unlabelled N tion of labelled N to side tillers was higher in plants initially
g per plant cut to a height of 0.30 m (7.4 to 14.0 % of labelled N con-
15¢cm 30 cm 15¢cm 30 cm tent in whole plants) than to 0.15m (3.6 to 8.9 % of labelled
Whole plant  55.2+3.4 81.2+44 36917 61.1+26 N content in whole plants) (Figure 3).
Young leaves 24.6 +2.3 30427 133+09 194x13 Specific uptake of N was higher for plants initially
Side tillers 22+03 49=x07 09=x0.1 27+03 cut to a height of 0.15 m than 0.30 m. Specific uptake
Old leaves 86+05 155+1.0 8005 142x1.0 of N was lower for plants subjected to 100 % leaf area
Stems 49+02 69=02 35+0.2 5.5=0.2 removal treatment than for those from the other final
Roots 148+09 236=x12 11.2+0.7 19.2+0.8 defoliation treatments.
A Young leaves Side tillers 015 cm
final defo!ialion ©30 cm
severity
25% =
[l
50 % AN\
75% R
100 % =
10 0 10 20 30 40 10 0 10 20 30 40
AN (mg per plant) AN (mg per plant)
© Old leaves D Stems E
0% 0%
25% 25%
50 % 50 %
5% 75%
100 % 100 %
10 0 10 20 30 40 10 0 10 20 30 40 T s . - . o

AN (mg per plant)

A N (mg per plant)

AN (mg per plant)

Figure 2 — Changes in total N content of (A) young leaves, (B) side tillers, (C) old leaves, (D) stems and (E) roots of P. maximum over a 7-day
period following final defoliation. Values are means (+SE) of four replicates.
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Figure 3 — Changes in labelled (o) and unlabelled (m) N of (A) young
leaves, (B) side tillers, (C) old leaves, (D) stems and (E) roots of P.
maximum over a 7-day period following final defoliation. Values are
means (+SE) of four replicates.

In most instances, young leaves were the main sink
for mobilised N, followed by side tillers (Figure 3). The ex-
ceptions to this were young leaves of plants originally cut
to 0.30 m receiving a final defoliation of 0 % and side till-
ers of plants originally cut to 0.15 m receiving 100 % final
defoliation (Figure 3). In these instances, the unlabelled N
contents decreased, suggesting mobilisation out of these
compartments. In all treatments old leaves and stems were
sources of mobilised N (p < 0.05). The relative contribu-
tion of old leaves to N mobilisation was higher in plants
initially cut to a height of 0.30 m than to 0.15 m and de-
creased as defoliation intensity increased (Figure 3). On the
other hand, roots became a source of N for mobilisation
just when plants were defoliated on day 0 (Figure 3).

In all treatments for both young leaves and side till-
ers, current root uptake (labelled N) supplied more N than
mobilisation (unlabelled N) (Table 3). Generally, the rela-
tive contribution of root uptake to the total N increase was
greater in young leaves than side tillers and the importance
of N remobilisation for new growth was greater at the 0.30
m cutting height (except in young leaves of plants originally
cut to 0.30 m receiving a final defoliation of 0 %) (Table 3).

Discussion

Nitrogen uptake

Changes in total N content of whole plants occurred
due to labelled N uptake. Labelled N of whole plants was
lower when the plants were completely defoliated (100 %
final defoliation treatment), probably due to a negative ef-
fect of defoliation on root dry mass and specific uptake of
N. Additionally, since all leaf area was removed, low soil
N flux induced by lower plant transpiration may also have
contributed to a reduction of N uptake of plants from the
100 % defoliation treatment (Durand et al., 2010).

Lestienne et al. (2006) observed a reduction in N
uptake of Lolium perenne with the removal of more than
75 % leaf area when N supply was high and suggested
this was related to a negative effect of defoliation inten-
sity on root dry mass. In the present experiment, nega-
tive effects of complete defoliation on root dry mass of
P. maximum plants receiving a high supply of N were
also observed. The root dry mass of plants where 100 %

Table 3 — Relative use of either uptake or remobilisation to supply N for new growth of young leaves and side tillers of P. maximum over a 7-day
period following final defoliation. Values are means (+SE) of four replicates.

Cutting - ) Young leaves Side tillers

height ~ Defoliation severity Uptake Mobilisation Uptake Mobilisation
cm %

15 0 87 +3 13+3 76 = 10 24 + 10
15 25 92+ 3 8+3 71+6 20+ 6

15 50 88 +3 12 = 68 = 4 32+4

15 75 82+2 18 = 76 £9 24 +9

151 100 80+2 20 £ - -

30! 0 - - 69 +6 316

30 25 822 18 = 69 + 6 316

30 50 82+ 2 18+ 615 39+5

30 75 8l +2 192 67 +9 33+9

30 100 65+ 8 35 = 72 =15 2815

10n young leaves of plants originally cut to 0.30 m receiving a final defoliation of O % and side tillers of plants originally cut to 0.15 m receiving a final defoliation of

100 %, there was a net decrease of unlabelled N.

Sci. Agric. v.69, n.5, p.293-299, September/October 2012



298

Santos et al.

Nitrogen dynamics in defoliated Panicum

leaf area was removed did not increase between day 0
and day 7, suggesting a decrease on root growth and/or
an increase on root senescence during this period. On
the other hand, Lestienne et al. (2006) observed an in-
creased specific uptake of N when defoliation severity
increased from 0 to 100 % leaf area removal and sug-
gested that changes in root morphology could partially
explain these results. These results differ from those ob-
served in the present experiment, where complete defo-
liation of P. maximum plants reduced specific uptake of
N. A negative effect of defoliation on root growth and/or
senescence rate may in part explain the reduced specific
uptake of N observed on completely defoliated plants, as
young roots seems to have an important role on nutri-
ents uptake (Taiz and Zeiger, 2010).

An increase on specific N uptake was observed on
plants initially cut to a 0.15 m height. In spite of that,
labelled N content in plants initially cut to a 0.30 m was
higher than in those initially cut to a 0.15 m height when
subjected to an intermediate defoliation severity (25 to
75 % leaf area removal during final defoliation), prob-
ably due to the higher root dry mass of plants from the
0.30 m treatment. Increased specific N uptake was not
enough to compensate for reduction on root dry mass
in plants initially cut to a 0.15 m height when 25, 50
or 75 % of leaf area was removed on final defoliation.
These results are in agreement with those observed by
Thornton and Millard (1996) for L. perenne and P. trivi-
alis where the increased N uptake per unit of root dry
weight due to an increased severity of repeated defolia-
tion did not offset the reduction of root mass.

The initial cutting height of 0.15 m and 0.30 m
only had a subsequent effect on N uptake of P. maximum
when the plants were subject to further defoliation, i.e.
the effect of previous defoliation history on N uptake is
dependent upon the severity of a single additional defo-
liation. Any management strategy of P. maximum swards
aimed at maximising fertiliser use efficiency would need
to take account of such effects.

P. maximum does not sustain heavy defoliation on
areas characterised by low soil fertility. The increase of
N supply in P. maximum improves dry mass production
of thin roots and increases total root surface area (Silveira
and Monteiro, 2011). In the present experiment, plants
subjected to 100 % leaf area removal on final defoliation
had a lower increase on whole plant total N content, a
reduced N uptake and a lower specific N uptake. Heavy
defoliation thus reduces root activity in P. maximum, a
plant species which we have shown depends mainly on N
from root uptake to guarantee regrowth. This effect may
be exacerbated in low input systems growing P. maximum
where root uptake of N may already be limited.

Nitrogen allocation

The total N content of young leaves and side til-
lers increased during the week following final defolia-
tion. These results support those obtained by Santos et
al. (2002), who observed that the same plant components
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were the main sinks for N in undefoliated Panicum maxi-
mum plants. Overall, the increases in total N content of
young leaves and side tillers were greater for plants origi-
nally cut to 0.30 m compared with those cut to 0.15 m and
for plants receiving a final cut of intermediate severity
compared to plants where the final defoliation removed
either 0 % or 100 % of the leaf area. The smaller increase
in total N of young leaves and side tillers in plants where
0 % of the leaf area was removed suggests that defoliation
stimulates new growth of this plant component.

The labelled N in young leaves and side tillers was
higher with a final defoliation of intermediate severity,
whilst in stems and roots labelled N increased as final
defoliation level decreased. Lestienne et al. (2006) ob-
served no effect of final defoliation intensity on labelled
N allocated to growing leaves of Lolium perenne, but also
found a decrease in labelled N allocated to roots when
100 % leaf area was removed.

The main sink for labelled N in the actual experi-
ment was young leaves, followed by roots and side til-
lers. Santos et al. (2002) also observed that young leaves,
side tillers and roots were sinks for N from root uptake
of undefoliated P. maximum plants, indicating that defo-
liation does not change the relative sink strength of the
various components of P. maximum for N derived from
root uptake. On the other hand, source/sink relations for
stored N in P. maximum seems to depend on defoliation.
Santos et al. (2002) observed that mobilised N increased
just in young leaves and side tillers of undefoliated P.
maximum plants whilst no changes on unlabelled N of
roots compartments were observed. In the present ex-
periment, roots were source of N for mobilisation just
when plants were defoliated on day 0 and became a sink
for mobilized N when plants initially cut to a 0.30 m
height were not subjected to a final defoliation (0 % leaf
area removal on day 0).

Lestienne et al. (2006) observed that roots were a
net source of N and that increasing defoliation severity
of L. perenne did not change the amount of N mobilised
to young leaves, reliant on an increase in the contribu-
tion of roots supplying mobilised N to growing leaves.
Taken together results of Lestienne et al. (2006) and the
current study suggest a different effect of defoliation on
source/sink relations of P. maximum and L. perenne. In
L. perenne roots are always a source of N while in P,
maximum its behaviour as source or sink for mobilized
N depends on defoliation treatment. Whether these dif-
ferences represent general differing strategies between
C3 and C4 plants would require further species to be
investigated.

P. maximum seems to behave following the graz-
ing optimization hypothesis. The grazing optimization
hypothesis predicts that grazing at intermediate inten-
sities stimulates plant production and enhances net
primary production of grazed plants above ungrazed
plants (McNaughton, 1979). Positive effects of her-
bivory on plant performance are related to: (i) modi-
fication of light availability; (ii) reduction of water loss
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and water stress; (iii) accelerated or regulated nutrient
cycling; (iv) biomass allocation; and (v) improvement
of the photosynthetic rate in tissues remaining or pro-
duced after grazing (Leriche et al., 2001). Results pre-
sented here for P. maximum suggest that plasticity of N
uptake and allocation due to defoliation may be related
to increased net primary herbage production of grazed
when compared to ungrazed plants and that the effect
of defoliation over plants N dynamics and its relation-
ship with the grazing optimization hypothesis is worthy
of further study.

Source of N for new growth: N mobilisation x N
uptake

All the treatments for both young leaves and side
tillers current root uptake supplied more N than mobil-
isation. These results are in agreement with Santos et
al. (2002), who observed that root uptake was the ma-
jor source of N for growing leaves of intact P. maximum.
Generally, the relative contribution of root uptake to the
total N increase was greater in young leaves than side
tillers, indicating that the allocation pattern of mobilised
N differed from that of N derived from current root up-
take. These confirms previous results from Santos et al.
(2002}, who observed differences in allocation pattern of
mobilised N and N from root uptake in undefoliated P.
maximum plants.

Conclusions

Adaptation of P. maximum to defoliation is related
to plasticity of N uptake, mobilisation and allocation, but
changes in N dynamics does not offset negative impacts
of complete defoliation of P. maximum plants.
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