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Abstract

The impact of grazing by domestic goats, Capra hircus, on the photochemical apparatus of three co-ocurring
Mediterranean shrubs, Erica scoparia, Halimium halimifolium, and Myrtus communis was evaluated. Seasonal course of
gas exchange, chlorophyll fluorescence and photosynthetic pigment concentrations were measured in the field in grazed
and ungrazed plants. Net photosynthetic rate was higher in grazed plants of E. scoparia and H. halimifolium in May,
while there were not significant differences in M. communis. Photosynthetic enhancement in grazed plants of
E. scoparia could be explained largely by higher stomatal conductance. On the other hand, the lack of differences in
stomatal conductance between grazed and ungrazed plants of H. halimifolium could indicate that carboxylation
efficiency, and ribulose-1,5-bisphosphate (RuBP) regeneration may have been enhanced by grazing. Overall grazing has
little effect on the photochemical (PSII) apparatus, however grazed plants of M. communis showed chronic
photoinhibition in the short term. Finally, seasonal variations recorded on photosynthesis, photochemical efficiency and
pigment concentrations may be a physiological consequence of environmental factors, such as summer drought and
competition for light, rather than an adaptation to grazing.
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Introduction

Grazing has been generally considered to have negative
effects on plant fitness. Herbivores cause structural
damages, remove plant biomass, decreasing the leaf area
available for photosynthesis (Kotanen and Rosenthal
2001, Castro ef al. 2003). However, the effects of herbi-
vores on plants can be positive as well. Compensatory
photosynthesis, defined as an increase in the photo-
synthetic rates of foliage on damaged plants relative to
foliage of the same age on undamaged plants (Belski
1986), has been observed to be one underlying factor
affecting plant response to herbivory (Larson 1998).
Furthermore, the degree of compensation depends on the
plant species, mode of herbivore damage, environmental
conditions, the time and the intensity of herbivore attack
(Maschinski and Whitham 1989, Thomson e? al. 2003).
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Appart from its influence on leaf physiological
characteristics, the impact of herbivores can indirectly
increase photosynthesis. The removal of leaves may
improve light penetration into partially defoliated
canopies (Anten and Ackerly 2001, Hayashi et al. 2007).
Van Staalduinen and Anten (2005) showed that defoliated
Leymus chinensis had greater average photosynthesis per
unit leaf area, resulting in reduction in self-shading.
Effects of herbivores on the photosynthetic capacity of
plants have also been attributed to changes in carbon
source-sink relationships (Thomson ef al. 2003, Retuerto
et al. 2006), and, in turn, these changes have been
attributed to alterations in both mesophyll and stomatal
conductances to CO, (g, and g, respectively; Layne and
Flore 1995).
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Abbreviations: C; — intercellular CO, concentration; Chl a — chlorophyll a; Chl b — chlorophyll b; Cx+c — carotenoids; Fy, — minimal
fluorescence level in the dark-adapted state; F;;, — maximal fluorescence level in the dark-adapted state; F,/F,, — maximum quantum
efficiency of PSII photochemistry; g,, — mesophyll conductance; g, — stomatal conductance; NPQ — non-photochemical quenching;
Py — net photosynthetic rate; PSII — photosystem II; RuBP — ribulose-1,5-bisphosphate; WUE — water-use efficiency; ®pgy —
quantum efficiency of PSII.
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Numerous studies have been conducted to charac-
terize the effects of herbivory on growth and reproduction
of Mediterranean shrubs (Vila and Lloret 1996, Riba
1998, Alonso and Herrera 2000, Midoko-Iponga et al.
2005, Ronel et al. 2007). However, few studies have been
carried out on its effect on gas exchange. Thus, we

Materials and methods

Plant material and experimental conditions: The
experiment was conducted in a pine forest of 100 ha
situated in Dofiana Natural Park (37°14°46°°N,
2°37°7°W; SW Spain) that had not been grazed for five
years. The climate in this area is typically Mediterranean,
with wet and mild winters and long dry summers.
Rainfall during the experiment period reached 556 mm
and mean annual temperature is 17°C. The dominant tree
is Pinus pinea, accompanied in some areas by cork oaks
(Quercus suber) and holm oaks (Quercus ilex). The
understory is covered with a Mediterranean shrubs,
including common species such as Cistus salvifolius,
E. scoparia, H. halimifolium, H. calycinum, M. commu-
nis, Phillyrea angustifolia, Pistacia lentiscus, Rosmarinus
officinalis and Thymus mastichina ssp. donyanae.

To evaluate the effect of goat grazing on Medi-
terranean shrubs we selected three species: E. scoparia
L., H. halimifolium (L.) Willk. and M. communis L. We
selected these species because Mancilla-Leyton and
Martin Vicente (2009) detected that goats showed
preferences for them. Accordingly, ten adult plants of
similar size of each of the three species were randomly
selected, and five of them were fenced. Then, a herd of
350 goats (3.5 goats ha ') was introduced in the pine
forest during the afternoon (4-5 hours of grazing) from
May 2007.

Ecophysiological measurements (gas exchange,
chlorophyll fluorescence and photosynthetic pigments)
were made on the 7" of November 2007, the 5" of
January, the 6™ of May and the 22™ of July 2008 (six,
eight, twelve, and fifteen months after the beginning of
grazing). In addition, measurements of air temperature
and relative humidity were taken at 1.5 m above the
ground with a thermohygrometer (Elka FTMIO0,
Liidenscheid, Germany). Incident photon flux density
was measured in a clear area with no plants with
a LI-COR integrating quantum/radiometer/photometer
using a LI-190 SB quantum sensor cell (Nebraska, USA).
These measurements were taken on one occasion (at
12:00) during the ecophysiological measurements (see
Table 1).

Gas-exchange measurements were taken on random,
fully developed leaves (five leaves per plant) from among
the nearest to distal ends of secondary branches at midday
using an infrared gas analyzer in an open system (LI-
6400, Li-COR Inc., Lincoln, NE, USA). Net photo-
synthetic rate (Py), intercellular CO, concentration (Cj)
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performed a field experiment in order to investigate the
effects of grazing by domestic goats, C. hircus, on the
photochemical apparatus (PSII photochemistry) and gas-
exchange characteristics of three co-ocurring Medi-
terranean shrubs, E. scoparia, H. halimifolium and
M. communis.

and stomatal conductance to CO, (g;) were determined
at 365 pmol mol '(CO,), temperature of 20/25°C, 50 +
5% relative humidity and a photon flux density of 1,000
pmol m?2s ! Py, C and g, were calculated using standard
formulae of von Caemmerer and Farquhar (1981).
Photosynthetic area was calculated by superimposing the
surface of each leaf over a mm-square paper (Redondo-
Gomez et al. 2007). Water-use efficiency (WUE) was
calculated as the ratio between Py and transpiration rate
[mmol(CO, assimilated) mol '(H,O transpired)].

Chlorophyll (Chl) fluorescence was measured in
random-selected, fully developed leaves (n = 10, two
leaves per plant) from among the nearest to distal ends of
secondary branches wusing a portable modulated
fluorimeter (FMS-2, Hansatech Instrument Ltd., King's
Lynn, UK). Light- and dark-adapted fluorescence para-
meters were measured at dawn (stable, 50 pmol m* s
ambient light) and at midday (1,600 pmol m? s™) to
investigate whether herbivory affected the sensitivity of
plants to photoinhibition (Werner et al. 2002). Photo-
inhibition is a common phenomenon in environments
with high radiation fluxes, especially when plants are
exposed to additional environmental stresses. Photo-
inhibition can be short-term and reversible (dynamic
photoinhibition), as a regulatory process for the control-
led dissipation of excessive light energy, or long-term and
irreversible as a slowly reversible process that may occur
following prolonged exposure to excessive photon fluxes
and under environmental stress conditions (chronic
photoinhibition; Werner et al. 2002).

Plants were dark-adapted for 30 min, using leaf—clips
exclusively designed for this purpose. The minimal
fluorescence level in the dark-adapted state (Fo) was
measured using a modulated pulse (<0.05 pmol m?s™
for 1.8 ps) which was too small to induce significant
physiological changes in the plant. The data stored were
an average taken over a 1.6-second period. Maximal
fluorescence in this state (F,) was measured after
applying a saturating actinic light pulse of 15,000 pmol
m?2 s for 0.7 s. The value of F,, was recorded as the
highest average of two consecutive points. Values of the
variable fluorescence (F, = F, — F;) and maximum
quantum efficiency of PSII photochemistry (F,/F,,) were
calculated from F, and F,,. This ratio correlates with the
number of functional PSII reaction centres, and dark-
adapted values of F,/F, can be used to quantify
photoinhibition (Krivosheeva et al. 1996).
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Table 1. Air temperature, air relative humidity and photon flux density (PFD) measurements taken at 1.5 m above the ground at 12 h.

PFD was measured in a clear area with no plants.

Temperature [°C]  Relative humidity [%]

PFD [pumol m™~s™]

7" November 2007  21.3 425
5" January 2008 16.7 36.9
6™ May 2008 27.7 492
22" July 2008 322 53.9

866
730
1846
1633

The same leaf section of each plant was used to
measure light-adapted parameters. Steady state fluores-
cence yield (Fs) was recorded after adapting plants to
ambient light conditions for 30 min. A saturating actinic
light pulse of 15,000 pmol m *s' for 0.7 s was then used
to produce the maximum fluorescence yield (F,') by
temporarily inhibiting PSII photochemistry.

Using fluorescence parameters determined in both
light- and dark-adapted states, the following were calcu-
lated: quantum efficiency of PSII [®pg;; = (Fp' — Fy)/Fi']
and non-photochemical quenching [NPQ = (F,,, — F,,)/F.;
Redondo-Goémez et al. 2006].

Photosynthetic pigments in fully expanded leaves
(n =5, taken randomly) nearest to distal ends of secon-
dary branches from each treatment were extracted using
0.05 g of fresh material in 10 ml of 80% aqueous acetone.
After filtering, 1 ml of the suspension was diluted with a
further 2 ml of acetone and chlorophyll a (Chl a),
chlorophyll » (Chl b) and carotenoid (Cx+c) contents

Results

Gas exchange: Py was higher for grazed plants of
E. scoparia and H. halimifolium in May (t-test, p<0.05;
Fig. 14). Furthermore, Py of H. halimifolium was
substantially reduced for both grazed and nongrazed
treatments in July (ANOVA, p<0.001; Fig. 1B). There
were not significant differences between grazed and
nongrazed plants for M. communis (p>0.05; Fig. 1C).

gs showed a trend similar to that of Py (Fig. LD-F);
except in grazed plants of H. halimifolium, which
recorded higher g; values in November (z-test, p<0.001;
Fig. 1B). C; was also higher for grazed plants of this
species in November (#-test, p<0.001), while it did not
show differences between grazed and nongrazed
treatments for both E. scoparia and M. communis
(p>0.05; Fig. 1G-I).

WUE of H. halimifolium was higher for nongrazed
control in November (#-test, p<0.05), while there were
not differences between grazed and nongrazed treatments
for the other two species (Fig. 24—C). In addition, the
lowest WUE values for E. scoparia, at both grazed and
nongrazed treatments, were recorded in July (ANOVA,
2<0.0001 and p<0.001 for grazed and nongrazed plants,
respectively).
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were determined with a Hitachi U-2001 spectro-
photometer (Hitachi Ltd., Japan), using three wavelengths
(663.2, 646.8, and 470.0 nm). Concentrations of pigments
were obtained by calculation, using the method of
Lichtenthaler (1987).

Statistical analysis: All statistical tests were carried out
using Statistica v. 6.0 (Statsoft Inc., Tulsa, OK, USA).
Data were analyzed using one-way analysis of variance
(F-test). Data were first tested for normality with the
Kolmogorov-Smirnov test and for homogeneity of
variance with the Brown-Forsythe test. Data were sub-
sequently transformed using Vx and arc-tangent functions
to improve normality and homogeneity of variance.
Significant test results were followed by Tukey test for
identification of important contrasts. Differences between
measurements of fluorescence at dawn and midday and
between grazed and nongrazed treatments were compared
by the Student test (t-test).

Chl fluorescence: F,/F,, was always lower at midday and
the reductions resulted mainly from lower values of F,
(data not presented) at midday than dawn (Fig. 3).
Furthermore, F,/F, values at both dawn and midday were
significantly lower for grazed plants of M. communis in
November (#-test, p<0.01; Fig. 3C,F). On the other hand,
H. halimifolium showed the lowest midday F,/F,, values
in July, while M. communis recorded the lowest values in
January (Fig. 3E,F) at both dawn and midday, again
because of different values of F,,,.

Values ®pgp at dawn were uniformly high (data not
presented) at both grazed and nongrazed treatments for
all sampling times, varying around 0.80 for all three
species. There were no differences of ®pg; values
between grazed and nongrazed treatments at midday for
any of the three species (#-test, p>0.05; Fig. 44,C). There
were no significant differences of NPQ between grazed
and nongrazed treatments (Fig. 4D-F).

Photosynthetic pigments: Pigment concentrations were
affected by grazing in E. scoparia and M. communis
(Fig. 5). Significant differences between grazed and
nongrazed plants of E. scoparia were found in May, with
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lower Chl b and Cx+c in grazed plants (¢-test, p<0.05;
Fig. 5D,G). In M. communis, nongrazed plants recorded
higher pigment concentrations in July (#test, p<0.01;
Fig. 5C,F.I).

Discussion

Grazing by domestic goats (Capra hircus) had different
effects on the three Mediterranean shrubs studied, and
these effects changed seasonally. Py only showed
significant differences for E. scoparia and H. halimi-
folium in May; Py values of both species were markedly
enhanced by grazing. Increased leaf-level photosynthetic
activity following herbivore damage has been described
as a mechanism of tolerance (Strauss and Agrawal 1999,
Castro et al. 2003) and it may compensate for the lost leaf
area and support the synthesis of induced chemical
defenses (Karban and Baldwin 1997). According to
Maschinski and Whitham (1989), plants are more likely
to compensate if the damage occurs early in the growing
season, before the reproductive phase has started.
However, E. scoparia increased its photosynthetic
activity after flowering and H. halimifolium during the
flowering time. This suggests that in these two species
phenological stage is not a factor affecting photosynthetic
response to grazing.

However, compensation in July could be limited by
summer drought; it is consistent with the lower WUE
recorded for E. scoparia, and with stomatal closure and
lower pigments concentrations and F,/F,, values recorded
for H. halimifolium in both grazed and nongrazed plants
in July, which provide an explanation for the concomi-
tantly declining photosynthetic assimilation rates.

of five replicates.

On the other hand, H. halimifolium and M. communis
had marked seasonal patterns of variation for both Chl a
and b values, showing the lowest values for both grazed
and nongrazed plants in July and January, respectively for
each species (ANOVA, p<0.05; Fig. 5).

Tschaplinski and Blake (1989) suggested that, when
enhancement of photosynthesis occurs after defoliation,
this indicated that leaves were operating below their
maximum photosynthetic potential before defoliation. In
a similar vein, Thomson et al. (2003) reported that the
increase in carbon demand induced plants to use their
absorbed light more efficiently, recording a decrease in
NPQ, or energy lost as heat, in the leaves of herbivore-
damaged plants. However, a reduction of NPQ was not
found in our experiment, although lower Chl » and Cx+c
were recorded in grazed plants of E. scoparia in May, as
compared to the nongrazed plants. Nevertheless, there
were no significant effects on F,/F,, or ®pgy values, with
no differences between grazed and nongrazed plants of
E. scoparia and H. halimifolium in May. This agrees with
the results presented by Macedo et al. (2007), who found
a lack of significant effects of any defoliation treatments
on any of the Chl a fluorescence parameters measured in
wheat. In contrast, Layne and Flore (1992) found that
photosynthetic enhancement of individual leaves to leaf-
area reduction was caused by increased photochemical
and carboxylation efficiencies and RuBP regeneration
rate on Prunus cerasus. Thus, the lack of alteration of g
in H. halimifolium in May could indicate that
carboxylation efficiency and RuBP regeneration may
have been enhanced. In contrast, this species showed
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Erica arborea A

—e— Grazed
—O— Non-grazed

a ab

WUE [mmol mol™]

b
o L 1 1 1

May
TIME

Jan

Fig. 2. Water-use efficiency (WUE) in Erica scoparia (A),
Halimium halimifolium (B) and Myrtus communis (C) in
response to grazed (¢) and non-grazed (o) treatments along a
year. Values represent mean +SE of five replicates.

higher g; values for grazed plants, a fact that led to a
higher C; in November, although it did not correspond
with changes in Py. On the other hand, the lower stomatal
control of grazed plants led to a reduction in WUE.

In the case of E. scoparia, g; in grazed plants was
higher than that in nongrazed plants in May. Conse-
quently, enhanced g; in spring appeared to provide an
explanation for the concomitantly enhanced photosyn-
thetic assimilation rate. A similar result was obtained by
Macedo et al. (2007) in wheat, where, after defoliation,
injured leaves did not close their stomata. Furthermore,
same as in our experiment, they found that the lack of
a significant effect of grazing on other photosynthetic
parameters such as C; and WUE suggested that water loss
was not a limiting factor for photosynthesis in the leaves
of the grazed plants.

F,/F, showed a significant reduction at midday
compared to dawn values, which is indicative of photo-
inhibition associated with an over-reduction of PSII. This
photoinhibition is most likely to have been caused by a
lower proportion of open reaction centres (lower values
of F,) resulting from a saturation of photosynthesis by
light. In our experiment, photoinhibition was clearly
dynamic, since the low midday values recovered
completely by dawn to optimal values for unstressed
plants (Bjorkman and Demmig 1987); except in the case
of grazed plants of M. communis in November, where
these values remained lower than in nongrazed control
plants at dawn, indicating a chronic photoinhibition.
Therefore, it can be stated that grazing represents a biotic
stress factor for M. communis in the short term, since
plants had been grown for five years without livestock

Erica arborea Halimium halimifolium Myrtus communis
a 2, B c
2 b
= a b
= al@d a a
_g - n_______-‘x'\
= b
w ab 2 ab
w —e— Grazed
—O— Mon-grazed
0_?2 1 1 1 1
D . . .
< 088, Fig. 3. Maximum quantum efficiency
2 & a b of PSII photochemistry  (F,/Fy,)
E o % at dawn (4-C) and midday (D-F)
LE 0802 ab b i in Erica scoparia (A,D), Halimium
o Y ab halimifolium (B,E), and Myrtus com-
b munis (C,F) in response to grazed (e)
072 Lt L L L and nongrazed (o) treatments along a
Nov  Jan May Jul Nov  Jan May  Jul year. Values represent mean =SE
TIME of ten replicates.

grazing. Hayashi et al. (2007) explained that when a plant
is exposed to herbivory pressures that differ from the
original pressure, the observed performance is a con-
sequence of a fixed strategy that has adapted to the
original conditions; in this case, we examined the short-

352

term response. In addition, both grazed and nongrazed
plants of M. communis showed lower F,/F, values at both
dawn and midday in January. In this regard, Gratani ef al.
(2008) found a limitation in photosynthetic activity of
M. communis by low temperatures (minimum air
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temperature 8.8°C). In our experiment, this decrease
could have been caused by a lower proportion of open
reaction centres (lower values of F,,), which could be
attributed to a decrease in Chl contents or increase in its
degradation. Monnet et al. (2001) found that destruction
of antennae pigments may disturb F,/F. In contrast, the
decrease in pigment concentrations recorded for grazed
plants of M. communis in July did not lead to a significant
decline in the photochemistry of PSII of these species. Ni
et al. (2002) also found significant loss of chlorophylls
and carotenoids as a result of Russian wheat aphid in-
festation, mediated by increased Mg-dechelatase activity.

In conclusion, grazing by domestic goat affected
differently the photosynthetic activity of the Mediterra-
nean shrubs E. scoparia, H. halimifolium and

M. communis. Py of E. scoparia and H. halimifolium
were enhanced by grazing in May, while Py of
M. communis was unaffected. Stimulation of the
carboxylation capacity of E. scoparia by grazing was
mediated by enhanced g; and higher contents of Chl b
and carotenoids. In the case of H. halimifolium,
enhancement of photosynthetic rate with the lack of
alteration of g, could indicate that carboxylation effi-
ciency and RuBP regeneration may have been enhanced.
Grazing has little overall effect on the photochemical
(PSII) apparatus, although grazed plants of M. communis
showed chronic photoinhibition in the short term. Further
ecophysiological studies associated with these three
shrubs are needed to reach a more thorough under-
standing of specific and seasonal differences.
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