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Introduction

Leaf photosynthesis and respiration are the two most fundamental plant physiological
processes which affect the carbon cycle, on a scale ranging from the leaf to the globe
(Cavaleri et al. 2008). Carbon sequestered is the difference between carbon gained by
photosynthesis and carbon lost or released by respiration, considering that the overall
gain or loss of carbon is usually represented by the net ecosystem productivity
(Montagnini and Nair 2004). Accounting for carbon sequestration requires adequate
knowledge of variations in the ecosystems carbon exchange with the atmosphere
(Pereira et al. 2007) and differences in the photosynthetic capacity among ecosystems
contribute to the importance of land cover and use changes on potential carbon
sequestration (Metting et al. 2001). Approximately 30-80% of daily carbon
assimilated by photosynthesis is respired back into the atmosphere, with 50-70% of
whole plant respiration taking place in leaves (Atkin et al. 2007, Ow et al. 2010),
whereas roots respiration releases back into the atmosphere from 8 to 52% of the CO,
assimilated (Lambers et al. 1996). Respiration and photosynthesis are strongly
coupled and interdependent in leaves of higher plants (Atkin et al. 2007, Ivanova et
al. 2008, Pinheiro and Chaves 2011): whereas respiration relies on photosynthetic
substrates, photosynthesis is dependent on respiration for carbon skeletons, ATP
required for sucrose synthesis and repair of photosynthetic proteins (Atkin et al.
2007). Moreover, leaf respiration protects the photosynthetic apparatus from photo-
inhibitory damage by oxidizing excess photosynthetic reducing equivalents (van Lis
and Atteia 2004, Noguchi and Yoshida 2008). The processes of photosynthesis and
respiration respond independently and often differently to environmental variations
(Turnbull et al. 2001). In particular, the temperature sensitivity of photosynthesis
differs from that of respiration (Morison and Morecroft 2006), and hence the ratio
between the two processes may be altered following a short-term change in
temperature (Loveys et al. 2002, Atkin et al. 2006). Photosynthesis has distinct high
and low temperature limits (Larcher 1994, Neuner and Pramsohler 2006). In
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particular, the optimum temperature for photosynthesis in Cs plants rarely exceeds
30°C (Rennenberg et al. 2006, Atkinson et al. 2010), and at temperatures above the
optimum, photosynthesis often decreases sharply (Ow et al. 2008). At low
temperatures (5-10°C) there is a rapid inhibition of photosynthesis due to the inhibit
sucrose synthesis (Strand et al. 1999). This leads to an accumulation of
phosphorylated intermediates, and a decrease of ATP/ADP ratio (Hurry et al. 2000).
Plants of tropical or sub-tropical origin may incur irreversible damage to
photosynthesis by temperatures around 10°C, whereas plants from cooler climates
may photosynthesize and develop normally at temperatures down to 0°C (Oquist
1983). In the Mediterranean climate, the combination of high irradiance and sub-
optimal growth temperature in winter causes a depression of the photosynthetic
activity (Larcher 2000, Oliveira and Pefiuelas 2002, Varone and Gratani 2007). In the
short-term, a change in temperature results in an immediate alteration in respiration
rates (Loveys et al. 2003). At low temperatures respiratory flux is probably limited
by the maximum rate of the enzyme activity of the respiratory apparatus (i.e.
glycolysis, the TCA cycle and mitochondrial electron transport) (Atkin and Tjoelker
2003). The temperature sensitivity of leaf respiration is quantified using the Qqq (i.e.
the proportional increase in respiration for every 10°C rise in temperature) (Wythers
et al. 2005, Armstrong et al. 2006). Tjoelker et al. (2001) synthesize the results of
published foliar Qo of respiration rates across a range of plant taxa (grasses, forbs,
and woody plants) and across a range of biomes (tropical, temperate, boreal, and
arctic biomes) concluding that the respiratory Qo declines linearly with increasing
temperature in a consistent manner among a range of taxa and climactic conditions.
Variability in Qo values may reflect differences in growth conditions and/ or in the
physiological state of the tissues (Atkin et al. 2000, Tjoelker et al. 2001, Loveys et
al. 2003). Qqq of leaf respiration has been demonstrated to vary between 1.1 and 4.2
(Azcon-Bieto and Osmond 1983, Tjoelker et al. 2001).



Low water availability determines the reduction in plant carbon balance and
consequently a limitation of plant growth (Flexas et al. 2006). Under water stress
conditions, photosynthesis may decrease up to 100% becoming totally impaired
(Gratani and Varone 2004a, Flexas et al. 2005) and the decrease is mostly mediated
by stomatal closure (Gratani 1995, Galmes et al. 2007, Gulias et al. 2009).

On the contrary, the impact of water stress on leaf respiration is still far from clear,
with reports in literature varying from decreases, to increases, to maintenance in the
rates of leaf respiration (Gimeno et al. 2010, Gratani 2007, 2008, 2011a,b). Flexas et
al. (2005) attribute this controversy to three possible causes: (i) the use of different
species, organs and techniques for respiration studies; (ii) the presence of complex
interactions of respiration rates with other environmental factors, and (iii) the
presence of a threshold of water stress intensity in which a change in the response of
respiration to water stress occurs. Inhibition of leaf respiration under drought has
been observed in mature leaves of crops and herbaceous species (Haupt-Herting et al.
2001, Ribas-Carbd et al. 2005, Galmés et al. 2007) while high leaf respiration rates,
mainly as the maintenance component, have been observed in drought stressed herbs
and shrubs species (Slot et al. 2008, Gratani et al. 2007, 2008, 2011a,b). High
demand for respiratory ATP under severe water stress seems to be necessary to
compensate for the lower ATP production in the chloroplasts, and may be required to
support photosynthesis repair mechanisms (Flexas et al. 2006, Atkin and Macherel
2009), whereas no alterations in leaf respiration under drought are mostly reported in
some evergreens perennials (Galmés et al. 2007, Gimeno et al. 2010).

The ratio respiration/photosynthesis can be considered as a simple approach to leaf
carbon balance because it indicates the percentage of photosynthate that is respired
(Loveys et al. 2002, Galmés et al. 2007, Chu et al. 2011). Moreover, the ratio
respiration/photosynthesis is indicative of the capacity of plants to produce new
biomass for growing and reproductive structures (Poorter et al 1992, Galmes et al.
2007, Cavaleri et al. 2008, Millar et al. 2011). Drought stress is recognized to be one
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of the most important limiting factors of the Mediterranean evergreen species carbon
gain (Gratani and Varone 2004a, Galmes et al. 2007, Misson et al. 2010). The overall
effects of drought stress on leaf carbon balance depend on the extent to which
photosynthesis versus respiration is affected (Atkin and Macherel 2009). Although the
extent to which respiration/photosynthesis increases under drought stress depends on
whether leaf respiration decreases, increases or remains unaltered, overall the most
important factor determining how negative a plant’s carbon balance becomes under
drought stress is the absolute and proportional change in photosynthesis (Flexas et al.
2006, Galmeés et al. 2007). Leaf respiration increasing in drought provides several
positive roles, since mitochondrial respiration enables survival and rapid recovery of
productivity from water-stress conditions (Atkin and Macherel 2009). In spite of the
importance of such parameters, only a limited number of studies focus on the
respiration/photosynthesis ratio (Dewar et al. 1999, Loveys et al. 2003, Atkin et al.
2007, Gratani et al. 2008, 2011b).

The main object of this research was to analyze leaf carbon balance of the species co-
occurring in the Mediterranean maquis developing along the Latium coast, in
response to water availability and air temperature variations during the year. Among
Mediterranean ecosystems, the Mediterranean maquis is largely distributed in areas
around the Mediterranean Basin, and its structure is strongly influenced by air
temperature and water availability (Vila and Sardans 1999, Gratani et al. 2003,
2012b). It is dominated by evergreen sclerophyllous species, drought semi-deciduous
species, narrow-leaves species and lianas species (Specht 1969, Orshan 1983, Gratani
et al. 2003, 2012), which could respond differently to the hypothesized increase of air
temperature. Knowledge of shrub structural and physiological traits in favorable as
well as in drought conditions can be used to monitor their response to increasing
drought stress (Gratani et al. 2012). Among structural traits, leaf area index (LAI)
characterizes vegetation structure and function including estimation of plant

productivity and canopy cover density (Whittaker and Marks 1975, Kaufmann and
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Troendle 1981, Garrigues et al. 2008). LAI constitutes the interface between plants
and the atmosphere, and is therefore a key trait for quantifying carbon exchange
(Gower and Norman 1991, Gratani et al. 2012). Carbon fluxes between terrestrial
ecosystems and atmosphere are strongly controlled by vegetation composition and
structure (Pacala et al. 2001, Sun et al. 2010). Variations of the ratio respiration/
photosynthesis may imply change in species structure and productivity in the long
term (Haase et al. 2000, Saxe et al. 2001). With regard to the rainfall patterns, there is
a common trend among coupled models and projections showing a possible decrease
of rainfall for the months April-September in the Mediterranean Basin (Giorgi and
Lionello 2008, Lelieveld et al. 2012). How such changes might affect the
vulnerability of species and ecosystems is still unknown (Ow et al. 2010). Improving
knowledge on processes and factors influencing the respiratory and photosynthetic
activity is critical in making accurate models of CO, exchange between vegetation

and the atmosphere (Armstrong et al. 2006).



Material and Methods
Study area and plant species

The study was carried out under field conditions in the Mediterranean maquis
developing along the Latium coast (from Fiumicino to Capocotta, 5 m a.s.l., Italy
41°40'N, 12°23'E) in the period December 2009- December 2011. The maquis under
study was characterized by the presence of the following species: Arbutus unedo L.,
Phillyrea latifolia L., Pistacia lentiscus L., Quercus ilex L. (typical sclerophyllous
species), Cistus incanus L. (drought semi-deciduous species), Erica arborea L., Erica
multiflora L., Rosmarinus officinalis L. (narrow-leaves species), and Smilax aspera
L. (liana) (Gratani et al. 2003).

The climate of the area was of the Mediterranean type: the mean minimum air
temperature (T.,) of the coldest months (January-February) was 4.2 £0.1 °C (mean
value £SD), the mean maximum air temperature (Tax) Of the hottest months (July-
August) 30.7£0.2 °C, and the mean yearly air temperature (T,,) 16.2+6.2 °C. Total
annual rainfall was 753 mm, most of it occurring in autumn and winter (mean values
of the data from Metereological Station of Roma-Capocotta and Fiumicino-
Maccarese, Lazio Regional Agency for Development and Agricultural Innovation;
for the years from 2004 to 2011).

The year 2010 was characterized by a T, of the coldest month (January) of 4.6 + 3.3
°C, a Tmax Of the hottest month (July) of 32.2 £ 1.8 °C, and a total rainfall of 963 mm
(Fig. 1). In the year 2011 T, of the coldest month (February) was 3.6 + 2.2 °C, Tpax
of the hottest month (August) 30.8 £ 2.4 °C, and total rainfall was 655 mm (Fig. 2).
The species structural traits were analyzed on sixty shrubs randomly distributed in
five sub-sample areas (100 m* each) within an area of 1 ha, according to Gratani et al.
(2003). Three representative shrubs per each of the considered species were selected
in the sample area and morphological and physiological measurements were carried

out.
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Fig. 2. Trend of daily air temperature and rainfall during
the year 2011. R= total daily rainfall: T;,= minimum air
temperature; Tna= Maximum air temperature (mean
values of the data from Lazio Regional Agency for
Development and Agricultural Innovation;
Metereological Station of Roma-Capocotta and

Fiumicino-Maccarese).

100

el

- 80

Rain (mm)

- 10



Shrub structural traits

Measurements of shrub structure were carried out in the period December 2009—
December 2010 and included: total height (H, m), defined as the maximum vertical
distance from the soil level to the highest point of the shrub; major axis (A, m) and
minor axis (a, m, orthogonal to A) of the shrub crown; shrub volume (V, m?), derived
from the measured traits (A, a, and H) by assigning a simple geometric solid to the
shrub’s form, according to Karlik and Winer (2001); leaf area index (LAI, i.e. total
leaf area per unit of ground area) of shrubs, measured by the “LAI 2000 Plant
Canopy Analyzer” (LI-COR Inc., Lincoln, Nebraska, USA), according to Morales et
al. (1996).

Shrub structural traits were used to group the considered shrubs in class sizes. For
each shrub, the number of species was counted and shrub density in the sample areas

(SD) was calculated as number of shrubs ha™.



Morphological leaf traits

Measurements of morphological leaf traits were conducted on fully expanded sun
leaves for Q. ilex, A. unedo, C. incanus, P. latifolia, P. lentiscus and S. aspera (n = 10
leaves per species for each of the considered shrubs) and needles for E. arborea, E.
multiflora and R. officinalis (h= 10 needles per species for each of the considered
shrubs), and collected at the end of June 2010.

The following parameters were measured: projected leaf surface area (excluding
petiole) (LA, cm?), obtained by the Image Analysis System (Delta-T Devices, UK),
and leaf dry mass (DM, mg), determined after drying at 80°C to constant mass. Leaf
thickness (L, um) was measured by leaf sections from five fresh, fully expanded
leaves of the selected plants and measured by light microscope. Leaf mass per unit of
leaf area (LMA, mg cm %) was calculated by the ratio of leaf DM and LA. Leaf tissue
density (LTD, mg cm ) was calculated by the ratio of LMA and total leaf thickness
(Wright and Westoby 2002).
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Gas exchange

Measurements of gas exchange for the species co-occurring in the shrubs were
carried out in the period October 2010- September 2011, using the infrared gas
analyzer (ADC LCA4, UK) equipped with a conifer leaf chamber (PLC, Parkinson
Leaf Chamber) for E. arborea, E. multiflora and R. officinalis, and with a broad leaf
chamber (PLC, Parkinson Leaf Chamber) for Q. ilex, A. unedo, C. incanus, P
Jatifolia, P. lentiscus and S. aspera.

Measurements were taken on attached fully expanded sun leaves (n = 3 in each
sampling occasion for A. unedo, C. incanus, P. latifolia, P. lentiscus, Q. ilex, and S.
aspera) and on sun apical shoots (n = 3 in each sampling occasion for E. arborea, E.
multiflora and R. officinalis).

Net photosynthesis (Py, pmol CO, m%s ), stomatal conductance (gs, mol m? s),
transpiration rate (E, mmol m2s™), leaf temperature (T;, °C) and photosynthetically
active radiation (PAR, pmol photons m s ') were measured from 9.00 to 11.00 a.m.,

under natural conditions on cloud—free days (PAR>1,000 pmol m s '

, Saturating
level) to ensure that near-maximum daily photosynthetic rates were measured (Reich
et al. 1995), periodically, during the study period.

Leaf dark respiration (R.) measurements were carried out contemporary to net
photosynthesis measurements, by darkening the leaf chamber with a black paper,
according to Cai et al. (2005), for 30 min prior to each measurement to avoid
transient post-illumination bursts of CO, releasing (Atkin et al. 1998a, b).

The monthly Py and R_ rates shown were obtained by averaging the values taken on
three days with the same weather conditions in the first week of each month.

The ratio between R_ and Py was calculated according to Atkin et al. (2007), Galmeés
et al. (2007) and Chu et al. (2011).

During Py and R. measurements air temperature (T,, °C) was monitored by portable

thermo-hygrometers (HD 8901, Delta Ohm, Italy).
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The coefficient proportional to the respiration increase for each 10°C rise (i.e. Qo)
was calculated using T, measured in the same time of R, measurements, according to
Atkin et al. (2000). Q4 was calculated according to Carla et al. (2000) and Armstrong
et al. (2006) as :

Qs =10 (10xslope of the regression line)
The slope in the equation was extracted from the regression line between log,, of R,
and T,.
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Statistical analysis

All statistical tests were performed using a statistical software package (Statistica,
Statsoft, USA). Differences of the means for the considered traits were tested by one-
way ANOVA and Tukey test for multiple comparisons. Linear regression analysis
was used to evaluate the correlation between LAI and V of the shrubs. All of the
investigated species were considered together in a regression analysis between Py
and g, R and T, and R_and R. The relationship between Py and T, (photosynthetic
thermal window sensu Larcher, 1994) was used to calculate leaf temperature (T, 100%)
determining 100% of the highest Py, and leaf temperature (T, s000) below or above
which Py dropped below half of its maximum.

A species co-occurrence analysis was performed to identify species pairs that
occurred together within single shrubs more or less often than expected by chance
irrespective of shrub size. The actual co-occurrences of all species pairs in the real
species-per-shrub matrix were checked against the co-occurrence distribution in a set
of randomized null matrices to identify the species pairs showing significant
deviation, either at the lower part of the distribution (less co-occurrence than
expected by chance, or negative species association) or at the upper part of the
distribution (higher than random co-occurrence, meaning positive species
association), according to Sfenthourakis et al. (2004). The identification of the
significant species co-occurrence was carried out with the program COOC
(Sfenthourakis et al. 2004), while all randomized matrices were generated with the
program ‘EcoSim 2004’°, using the independent swap algorithm to keep species
richness within shrubs and the frequency of specie occurrences across shrubs
unchanged with respect to the real matrix (Gotelli and Entsminger 2001).

The considered morphological (LMA and LTD) and physiological leaf traits were
analyzed by PCA (principal component analysis) on the basis of a matrix of the

normalized data. In particular among the physiological traits, Py and R_ during the
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favorable period (April-May), in drought (August) and in winter (December) were

considered.
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Results
Shrubs structural traits

Shrub density was 1200+500 shrubs ha™, 17 % of them were constituted by one
species and 83 % were multispecies. According to V and LAI, the shrubs were
classified in three classes: small (S), medium (M) and large (L) shrubs: V and LAl
were 1.4 +09m>and 2.0 £ 0.4, 126+ 1.5m>and 3.1 £ 0.4,355+25m’ and 3.9 +
0.1in S, M and L shrubs, respectively.

The regression analysis showed that 63 % of LAI variance depended on V (Fig. 3).
The frequency of occurrence of S, M and L shrubs in the sample areas was 57, 32 and
11 %, respectively. The number of species increased from S to L: S shrubs were
constituted by 32 species, M by 6x2 species, and L by 6.0+0.4 species. The
frequency of mono-species shrubs was 26 and 5% in S and M shrubs, respectively,
while L shrubs were always multispecies. C. incanus (91 %), E. multiflora (71%) and
R. officinalis (38%) were the most frequent species in S shrubs, while E. arborea was
always absent. Q. ilex, C. incanus and S. aspera (89%) were the most frequent
species in M shrubs, followed by E. multiflora (84%), A. unedo (68%), P. latifolia
(58%), R. officinalis (42%), E. arborea and P. lentiscus (16%). A. unedo, P. latifolia
and Q. ilex were always present in all L shrubs, followed by C. incanus and S. aspera
(86%), E. multiflora (71%), E. arborea and P. lentiscus (29%) and R. officinalis
(14%). Sixty percent of the mono-species shrubs were constituted by C. incanus, 30%
by R. officinalis and 10% by Q. ilex.

The analysis of the species co-occurrences identified 12 pairs of species out of the 36
possible ones that occurred together more (or less) often than expected by chance
within single shrubs. This result means that the Mediterranean shrubs were not
assembled at random from the available species pool - (two-tailed test, p00.05, 999
randomizations). Among them the species pairs showing significant negative
association were: A. unedo — E. multiflora; A. unedo — R. officinalis; E. arborea — E.

multiflora; E. multiflora — P. lentiscus; E. multiflora — S. aspera; P. latifolia — R.
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officinalis. The species pairs showing significant positive association were: A. unedo
— P. latifolia; A. unedo — P. lentiscus; A. unedo — Q. ilex; A. unedo — S. aspera; P.

latifolia — P. lentiscus; Q. ilex — S. aspera.
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Fig. 3. Regression analysis between leaf area
index (LAI) and volume (V) for the considered
shrubs. Regression equation, determination’s

coefficient (R?) and p-level are shown.
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Morphological leaf traits

Morphological leaf traits of the considered species are shown in table 1. Among the
considered species, P. latifolia had the highest L (40022 um) and E. arborea the
lowest one (246x29 um), P. lentiscus showed the highest DM (249+30 mg) and the
narrow-leaved species (R.officinalis, E.arborea and E.multiflora) the lowest one (4.9
+ 6.2 mg, mean value). S. aspera showed the highest LA (14.8+0.8 cm?) and the
narrow-leaved species the lowest one (0.2+0.3 cm?, mean value).

LMA ranged from 12.4+1.1 mg cm™ (E. arborea) to 25.9+1.7 mg cm® (E.
multiflora), and LTD from 355+18 mg cm™ (S. aspera) to 756+24 mg cm™ (E.

multiflora).
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Table 1. Leaf surface area (LA), leaf dry mass (DM), leaf thickness (L), leaf
mass per unit of leaf area (LMA) and leaf tissue density (LTD) of the
considered species. Mean values (£SD) are shown (n= 30). Inter-specific
differences were tested by Tukey test for multiply comparison; mean values

with the same letter are not significantly different (p<0.05).

Species LA DM L LMA LTD
cm’ mg um mg cm” mg cm’®
A.unedo 9.8+0.7c 157+10d 378+27cd 15.8+0.6¢ 419+7b
C.incanus 2.8+0.7b 42+9b 258+29% 15.1+0.7bc 580+10e
E. arborea 0.03+0.02a 0.58+0.08a 246+29 12.4+1.1a 504+16¢
E. multiflora 0.06+0.03a 2.2+1.0a 343+32bc 25.9+1.7f 7561249
P.latifolia 3.7+0.3b 75+9¢c 400+22d 20.1+1.2de 515+18¢c
P.lentiscus 13.1+1.4d 249+30f 345+29hc 18.9+1.0d 548+22d
Q.ilex 9.8+0.7¢c 200429 329+41b 20.4+1.1e 622+19f
R.officinalis 0.58+0.09a 12+1a 347+59bc 20.2+0.6de 580+24e
S.aspera 14.8+0.8e 205£33e 395+34d 13.9+0.8ab 355+18a
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Gas exchange

Trends of Py during the study period for all the considered species are shown in
figure 4. During the study period, all the considered species reached the highest Py
rates in spring (April —May) when T, was 17.0 £ 2.3°C. Among them, C. incanus
showed the highest rates (20.0 + 0.6 pmol m? s™) and E. multiflora and R. officinalis

the lowest ones (7.4 + 0.4 pmol m? s™

, mean value). The lowest Py rates were
monitored in summer and in winter. In particular, during summer, the lowest rates
were reached in August when T, was 30.8 £ 0.8°C. On an average, Py decreased 73
% (mean value of the considered species) compared to the maximum in spring, and S.
aspera had the highest decrease (89 %) and P. latifolia the lowest one (57%).
During winter, the lowest Py rates were measured in December (T, = 5.3 £ 1.4 °C)
and, on an average, Py decreased 48 % compared to the maximum (mean value of the
considered species), C. incanus showing the highest decrease (59 %) and Q. ilex the
lowest one (28 %).

The mean yearly Py was the highest in C. incanus (11.5 + 5.2 pmol CO, m s ") and
the lowest in E. multiflora and R. officinalis (5.1 + 0.2 pmol CO, m*s ', mean value).
The gstrend followed that of the Py, as underlined by the regression analysis between
the two variables (r = 0.89), with the highest rates in spring (0.126 + 0.054 mol m® s~
! mean value in April-May of the considered species). In particular, among the
considered species, C. incanus had the highest g rates (0.244 = 0.049 mol m™?s™). In
August, g decreased, on an average, 76 % (mean value of the considered species)
compared to the spring value, and S. aspera showed the highest decrease (89 %). In
December g, decreased, on an average, 53 % and Q. ilex showed the lowest decrease
(30 %).

The results of the regression analysis showed a significant (p<0.01) correlation
between Py and T, for all the considered species (Fig. 5); in particular, the highest Py
rates (100 %) were monitored when T, was in the range of 21.4-25.1°C. Significant
differences among the considered species were found in T, that caused Py to decrease
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below half of its maximum. In particular, Py dropped below half of the maximum
rate when T, was over 33.3 °C and under 13.0 °C for C. incanus, E. multiflora, R.
officinalis and S. aspera, and over 36.2 °C and under 10.8°C for A. unedo, E.
arborea, P. latifolia, P. lentiscus and Q. ilex.

The considered species had the same R, trend during the study period (Fig. 6). The
lowest R, rates were monitored in December (0.83 + 0.43 pmol m™? s, mean value of
the considered species), and C. incanus had the highest rates (1.82 + 0.19 pmol m? s’
1. R increased from February to April-May, (2.44 + 1.00 pmol m™ s, mean value
of the considered species), C. incanus having the highest rates (4.56 + 0.22 umol m™
s). The highest R, rates were reached in August (3.21 + 0.90 pmol m™? s*, mean
value of the considered species) and C. incanus had the significantly (p<0.05) highest
rates (4.93 + 0.31 umol m? s™) and S. aspera the lowest ones (1.90 + 0.52 pmol m™
sh.

C. incanus showed the highest mean yearly R, (3.59 + 1.11 pmol m? s™) and A.
unedo the lowest one (1.19 + 0.58 pmol m?s™).

During the year, the ratio R, /Py was the highest in August (1.44 £ 0.93, mean value
of the considered species) and the lowest in December (0.16 = 0.09, mean value of
the considered species). The ratio R /Py ranged from 0.16 (A. unedo, mean yearly
value) to 0.71 (R. officinalis, mean yearly value).

Q10 Of the considered species was 1.72 + 0.18 (mean value): A. unedo had the highest
value (1.98 = 0.10), followed by P. latifolia and P. lentiscus (1.88 £ 0.03, mean
value), E. multiflora and R. officinalis (1.77 = 0.05, mean value), C. incanus and S.
aspera (1.58 £ 0.01, mean value), Q. ilex (1.55 = 0.06) and E. arborea (1.49 £ 0.06)
(Tab. 2).

The results of the regression analysis between R_ and T, and between R, and R,
showed that 39% of R variation depends on T, and 11% on R (Fig. 7).

21



Py [umol (CO,) m2 s-1]

25

—— A unedo —&— C.incanus
—&— E arborea —8— E.muitifiora
20 | —«—npuatifolia —e— P lentiscus
-=A--Qilex - == R.officinalis
—&— S.aspera
15 -
10 -
5 -
0

oct N0 wov  pet gt ge® AT waY gune yud p\ugsep 0\

Sampling months
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Table 2.

Qyo values. Mean values
(zSD) are shown. Mean
values with the same
letter-are not significantly
different (Tukey test,

p>0.05)

Species Q1o

A.unedo 1.98+0.10d

C.incanus 1.57+0.08ab
E.arborea 1.49+0.06a

E.multiflora 1.80+0.07cd
P.latifolia 1.90+0.10cd
P.lentiscus 1.86+0.13cd
Q.ilex 1.55+0.06ab
R.officinalis 1.73+0.05bc
S.aspera 1.58+0.09ab
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Principal component analysis

The PCA highlighted a non-linear gradient among the considered species with respect
to the considered traits, with the first two principal components accounting for 75 %
of the total variance (Fig. 8). The first component explained 43 % of the total
variance and it was correlated to Py and R, during the favorable period (r = 0.77 and
0.95, respectively), R, in August (r = 0.90) and in December (r= 0.84). The second
component explained 32 % of the total variance, and it was correlated to LMA (r =
0.79) and LTD (r = 0.87). Along the first component, C. incanus showed the highest
values and S. aspera the lowest ones, while E. multiflora, E. arborea, R. officinalis,
Q. ilex, P. latifolia and P. lentiscus were in the middle. A. unedo was closer to S.
aspera. Along the second component E. multiflora and R. officinalis had the highest
values and A. unedo the lowest ones, C. incanus, P. latifolia, P. lentiscus, E. arborea

and Q. ilex were in the middle, while S. aspera was closer to A. unedo.
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Fig. 8. Principal component analysis (PCA) carried out using leaf
morphological traits (LMA and LTD) and leaf physiological traits (Py and
R.) measured in spring, drought and winter. Component 1, accounting for
43% of the total variance, was significant related to Py and R, during spring,
R_ in drought and in winter. Component 2, accounting for 32 % of the total

variance, was significantly related to LMA and LTD.
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Discussion

The Mediterranean maquis developing along the Latium coast (Italy) is characterized
by shrubs of different size; small shrubs are the most frequent (57%), followed by
medium (32%) and large shrubs (11 %). The number of species increased from S to L
shrubs showing different associations among them, which depend on their size, as
underlined by the analysis of co-occurrence. Moreover, competition for light may
contribute to plant species association, according to Vila (1997). The results
underline a significant correlation between LAI and V of shrubs, 63 % of LAI
variations being explained by V. Accordingly, species characterized by a small size
(i.e. low V and LAI) co-occur rarely with species characterized by a large size,
because large plants can shade and reduce the growth of small plants, as suggested by
Weiner (1990). In particular, the negative co-occurrence of E. multiflora and R.
officinalis with A. unedo, E. arborea, P. latifolia and P. lentiscus may be explained
by their need to grow in full sun. In fact, E. multiflora and R. officinalis develop
exclusively in shrublands while they are absent in Mediterranean evergreen forests
where total irradiance is decreased by 94 % with respect to open space (Gratani 1997,
Gratani et al. 2006). C. incanus does not form preferential pairs with the others
species as attested by its presence in all shrub sizes (90 %), and its contribution to 60
% of the mono-species shrubs. C. incanus always occupies a position outside the
different shrub size (L, M and S) since it is a helifilous species (Gratani and Amadori
1991, Civeyrel et al. 2011). On the contrary, the co-occurrence of S. aspera with A.
unedo and Q. ilex can be explained by the species ability to grow in full sun as well
as in shade, as suggested by Sack et al. (2003). Moreover, S. aspera is a non-self-
supporting plant species that gains advantage by directing biomass into extension
growth and stem length rather than stem stiffness (Niklas 1994, Isnard et al. 2003). S.
aspera naturally grows in the understory of the Mediterranean evergreen forests and

it is a component of shrublands (Gratani 1997).
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With regards to the physiological behaviors, the results underline a similar trend
among the considered species during the study period. In particular, the highest Py
rates in April-May (10.9 + 3.7 pmol m? s, mean value of the considered species) can
be related to the high R, rates (2.44 + 1.00 pmol m? s™, mean value) that provide
ATP, reducing equivalents, and carbon skeletons necessary for biosynthetic reactions
(Atkin et al. 2000), and determining a relatively low R, /Py ratio (0.23+£0.08, mean
value). The high Py rates may lead to biomass accumulation and growth (Gratani and
Crescente 2000). The highest Py rates of the considered species, when T, is 17.0 £
2.3°C is in agreement with other species in temperate climates (in the range of 15-
30°C, Atwell et al. 1999, Larcher 2004, Atkinson et al. 2010). In this period, the high
R. seems to be necessary in providing energy used for producing new leaves (Gratani
et al. 2008) and maintenance of the oldest ones, according to the results of Amthor
(1986) and Laureano et al. (2008). During the favorable period, among the considered
species, E. multiflora and R. officinalis show the highest R, /Py ratio (0.34 + 0.04, mean
value), justified by the relatively high R, rates and the lowest Py. This latter can be
related to their high LMA (25.9 + 1.7 and 20.2 + 0.6 mg cm™, respectively) and LTD
values (75624 and 580+24 mg cm™, respectively), according to Pefia-Rojas et al.
(2005) underlining that high LMA values occur at the expense of a lower
photosynthetic potential. Thus, LMA represents a trade-off between photochemical
efficiency and photo-protection (Camarero et al. 2012 ). C. incanus the drought semi-
deciduous shrub, has a relatively high R /Py of 0.23 £ 0.01 due to the highest Py and
R, values. The large light-capture area developed per leaf mass (i.e. low LMA, 15.1 +
0.7 mg cm’, Gratani and Bombelli 2001) and the low LTD value (580 + 10 mg cm™),
which determines the shorter diffusion pathway from stomata to chloroplast (Parkhurst
1994, Gratani and Varone 2004a), thus increasing the capacity of this species to
assimilate CO, (Gratani and Varone 2004a). Moreover, the high photosynthetic rates
of C. incanus justifies its large vegetative regeneration capability, emphasizing its

ecological role in the first reconstitution stages of the Mediterranean maquis after fire
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(Gratani and Amadori 1991). C. incanus, like other pioneer species, has high R rates
(Bazzaz and Pickett 1980, Chazdon et al. 1996) which may be a result also of the loss
of most of its leaves (winter leaves) in spring-beginning of summer, thus demanding
more respiratory products necessary to produce new leaves (summer leaves) (Gratani
et al. 2008, Catoni et al. 2012).

The typical sclerophyllous species (P. latifolia, P. lentiscus and Q. ilex) and E.
arborea have a high R/Py of 0.22 +£0.05 (mean value) in spring, justified by a
relatively high Pyand R, which underlines high metabolic activity under the favorable
conditions (Gratani et al. 2008). In the same period, S. aspera shows a relatively low
R./Py value (0.20 + 0.03), due to relatively high Py rates and low R, rates. A. unedo
shows the lowest R /Py (0.11 £ 0.03) due to the low R, rates associated with a
relatively high Py rates.

With regards to carbon balance during drought, the R_/Py ratio shows variations among
the considered species in relation to their different sensitivity to drought of both
photosynthesis and respiration. The highest R /Py ratio in response to drought (2.77 %
0.79, mean value) in E. multiflora and R. officinalis, is due to the high R, increase (45 %)
justified by their sensitivity to air temperature, as confirmed by Qi value (1.77 = 0.05,
mean value) and by the significantly high Py decrease (82 %), as underlined by the
thermal window analysis showing that Py drops below half of its maximum when T, is
above 32.7 °C (mean value of the two species). Moreover, the short E. multiflora and R.
officinalis root system accesses water from the superficial soil profile that is subjected to
large changes in water content (Aubert 1978, Correia and Catarino 1994, Vila and Lloret
2000, Gratani and Varone 2004b), resulting in a lower capacity to adjust the
photosynthetic rates in drought. In contrast, A. unedo shows the lowest R, /Py ratio in
August (0.54 + 0.05) as compared to the other species. A unedo is functionally adapted to
cope with the summer drought by its large stomata control (Gratani and Ghia 2002),
combined with a broad temperature range for biomass accumulation (T, sy =11.1-35.7

°C) which allows the maintenance of sufficient Py rates during drought. Moreover, the
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adaptive strategy of A. unedo seems to be due to the high LA (9.8 + 0.7 cm?) increasing
the capacity of light interception and to the steeper leaf inclination (Gratani and Ghia
2002) which is a prevention mechanism against a potential photo-inhibition of water-
stressed leaves during drought, according to Ludlow and Bjérkman (1984),Werner et al.
(1999) and Neuner et al. (1999) for alpine rock species. Consequently, the lowest R /Py
ratio is justified by a 66 % Py decrease and a 61 % R, increase, this latter being justified
by the highest Q value (1.98 = 0.10). S. aspera shows a relatively high R_ /Py ratio (1.88
+ 0.05) due to the significantly highest Py decrease (89 %) in August, related to its low
LMA and LTD values (13.9 + 0.8 mg cm? and 355 + 18 mg cm™, respectively),
associated to the lowest R, rates (1.90 + 0.52 umol m? s). This latter can be related to S.
aspera shade-tolerance (Sack et al. 2003), because plants adapted to low irradiance have
lower carbon losses via R_ than those not adapted, as underlined by Lusk and Reich
(2000). C. incanus shows a high R, /Py ratio (1.75 £ 0.13) in August, that is relates to a
high Py rates decrease (86 %) and the highest R, rates (4.93 + 0.31 pmol m™ s™). The
high Py rates decrease is justified by the fact that this species is characterized by a low
LMA and a shallow, markedly planar root system (Amato and Sarnataro 2001).

The others considered species (E. arborea, P. latifolia, P. lentiscus and Q. ilex) show an
intermediate value of R_/Py ratio (0.81 = 0.09, mean value), due to their low Py decrease
in drought (62%) and their high R, rates (3.17 + 0.37 umol m™ s™, mean value), the first
also related to the large and deep root system (Aubert 1978, Pefiuelas et al. 1998, Green
et al. 2005) favoring biomass accumulation (Gratani and Varone 2004a).

The result of the photosynthetic thermal window of these species underline that Py drops
below half of its maximum when T, is above 36.3 °C (mean value). Water availability is
the most important factor affecting photosynthetic activity of Mediterranean species
(Llorens et al. 2003); Gratani and Varone (2004a) underline that the relatively high water
potential and relative water content in Q. ilex, P. latifolia, P. lentiscus and E. arborea
improve drought tolerance. Moreover, the high LMA and LTD values (18.0+3.7 mg cm™

and 547453 mg cm™, mean value, respectively) of these species contribute to drought
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tolerance (Gratani and Varone 2006). The maintenance of high R, values associated to a
Py decrease is related to the mobilization of the stored material in response to the plant’s
requirements for growth and maintenance (Butler and Lansberg 1981), underlining the
positive role of R, during drought stress. The high R, rates during drought is further
confirmed by the exponential relationship between R_ and T,, and the negative linear
regression between R_and R.

Winter stress represents an additional limitation to Mediterranean plant production
(Larcher 2000) by the limitation of the enzyme activity of the respiratory apparatus
(Atkin and Tjoelker 2003). The considered species have the lowest R, /Py ratio (0.16 +
0.09, mean value) in winter justified by a 48 % Py decrease than the maximum (mean
value of the considered species in December ) and the lowest R, value (0.83 + 0.43 pumol
m™s?, mean value).

Among the considered species, Q. ilex is the most cold-tolerant species underlined by the
lowest Py decrease in December (28 %), according to the results of Oliveira and Pefiuelas
(2004) and Varone and Gratani (2007). This result is confirmed by the analysis of the
photosynthetic thermal window showing that Py drops below half of its maximum when
T, is lower than 8.0 °C. Moreover, the low R, rates (0.78 + 0.10 umol m™ s™) in Q. ilex
determines a low R /Py ratio (0.09 + 0.04).

On the contrary, C. incanus seems to be the most cold-susceptible species by its highest
Py decrease (59 %) in December, that is associated with the highest R, rates (1.82 + 0.19
umol m? s™) determining a higher R./Py ratio (0.22 + 0.03).

The PCA summarizes the above considerations, showing a different physiological and
morphological gradient among the considered species. In particular, C. incanus having
the highest mean yearly Py and R, rates and relatively low LMA and LTD values is
furthest from the other species emphasizing its drought semi-deciduous habitus.
Another group is formed by E. multiflora and R. officinalis and is characterized by the
highest LMA and LTD, higher R, rates in the favorable, drought and winter periods,

and the lowest Py rates in the favorable period. The group formed by E. arborea, P.
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lentiscus, P. latifolia and Q.ilex is in the middle. A. unedo and S. aspera are close to
this group despite the lower R, rates in the favorable period, during drought and in
winter as compared to the others species, and the relatively low LMA and LTD values.
On the whole the results show the response of the considered species to the stress factors
typical of the Mediterranean climate; in particular, the carbon balance over the year
ranges from 0.16x0.09 (in winter) through 0.23+£0.08 (in spring) to 1.44+0.93 (in
summer), and it is indicative of the different sensitivity of both R_ and Py to water
availability and air temperature changes during the year. Moreover, the results support
the different potential role of leaf morphological traits that deal with climatic stress in
Mediterranean evergreen species as well as for others species in limited growth
conditions, according to Larcher (2003) and Aryal and Neuner (2010). In fact, the
xeromorphic leaves of the Mediterranean evergreen species, attested by a reduced leaf
area, high leaf thickness (i.e. high LMA) and leaf density (i.e. high LTD) favor carbon
gain profits over transpiration losses during drought (Turner 1994, Rotondi et al. 2003).
Moreover, the high cost of construction in these leaf types (Gratani and Varone 2004a,
2006) justifies the relatively high R_ value, compared to other species (i.e. deciduous
species, Mitchell et al. 1999, Turnbull et al. 2005, Ow et al. 2010), reflecting metabolic
expenditure of photosynthate in the leaf structure (Mitchell et al. 1999, Wright et al.
2004).

34



References

Amato, M., Sarnataro, M. Root analysis of maquis at Castel Volturno, Italy. In:
Mazzoleni, S., Colin, C.J. (Eds.), ModMED: Modelling Mediterranean Ecosystem
Dynamics, Final Report ModMED Il Project, EU-DGXII Environment (1V)
Framework, ENV 4-ct97-0680. pp. 110-120, 2001.

Amthor, J.S. Evolution and applicability of a whole plant respiration model. J.
Theor. Biol. 122: 473-490, 1986.

Armstrong, A.F., Logan, D.C., Atkin, O.K. On the development dependence of leaf
respiration: responses to short- and long-term changes in growth temperature. Amer.
J. Bot. 93: 1633-1639, 2006.

Aryal, B., Neuner, G. Leaf wettability decreases along an extreme altitudinal
gradient. Oecologia 162: 1-9, 2010

Atkin, O.K. Tjolker, M.G. Thermal acclimation and the dynamic response of plant
respiration to temperature. Trends Plant Sci. 8(7): 343-351, 2003.

Atkin, O.K., Macherel, D. The crucial role of plant mitocondrial in orchestrating
drought tolerance. Ann. Bot. 103: 581-597, 2009.

Atkin, O.K,, Evans, J.R., Ball, M.C., Siebke, K. Relationships between the inhibition
of leaf respiration by light and enhancement of leaf dark respiration following light
treatment. Aust. J. Plant Physiol. 25: 437-443, 1998a.

Atkin, O.K., Evans, J.R., Ball, M.C., Siebke, K., Pons, T.L., Lambers, H. Light
inhibition of leaf respiration: the role of irradiance and temperature. In: Moller, .M.,
Gardestrom, P., Gliminius, K., Glaser, E. (ed.) Plant Mitocondria: from Gene to
Function. Backhuys Publishers, Leiden, pp. 567-574, 1998b.

Atkin, O.K., Millar, A.H., Gardestrém, P., Day, D.A. Photosynthesis, carbohydrate
metabolism and respiration in leaves of higher plants. In: Leegood RC, Sharkey TD,
von Caemmerer S eds. Photosynthesis, physiology and metabolism. Dordrecht, The
Netherlands: Kluwer Academic Publishers, 153-175, 2000.

35



Atkin, O.K., Scheurwater, 1., Pons, T.L. 2006. High thermal acclimation potential of
both photosynthesis and respiration in two lowland Plantago species in contrast to an
alpine congeneric. Glob. Change Biol. 12: 500-515, 2006.

Atkin, O.K., Scheurwater, I., Pons, T.L. Respiration as a percentage of daily
photosynthesis in whole plants is homeostatic at moderate, but not high, growth
temperatures. New Phytol. 174: 367-380, 2007.

Atkinson, L.J., Campbell, C.D., Zaragoza-Castells, J., Hurry, V., Atkin, O.K. Impact
of growth temperature on scaling relationships linking photosynthetic metabolism to
leaf functional traits. Funct. Ecol. 24: 1181-1191, 2010.

Atwell, B.J., Kriedemann, P.E., Turnbull, C.G.N. Plants in Action. Adaptation in
Nature, Performance in Cultivation. Macmillan Education Australia Pty Ltd, South
Yarra, 1999.

Aubert, G. Relations entre le sol et cinq espécies d’ericacées dans le Sud-est de la
France. Oecol. Plant. 13:253-269, 1978.

Azcon-Bieto, J., Osmond, C.B. Relationship between photosynthesis and respiration
— the effect of carbohydrate status on the rate of CO, production by respiration in
darkened and illuminated wheat leaves. Plant Physiol. 71: 574-581, 1983.

Bazzaz, F.A., Pickett, S.T.S. Physiological ecology of tropical succession: a
comparative review. Ann. Rev. Ecol. Syst., 11: 287-310, 1980.

Butler, D.R., Landsberg, J.J. Respiration rates of apple trees, estimated by CO,-efflux
measurements. Plant Cell Environ. 4: 153-159, 1981.

Cai, Z.-Q., Slot, M., Fan, Z.-X. Leaf development and photosynthetic properties of
three tropical tree species with delayed greening. Photosynthetica 43: 91-98, 2005.
Camarero, J.J., Olano, J.M., Alfaro, S.J.A., Fernandez-Marin, B., Becerril, J.M.,
Garcia-Plazaola, J.1. Photoprotection mechanisms in Quercus ilex under contrasting
climatic conditions. Flora 207 : 557- 564, 2012.

36



Carla, A., Gunderson, R.J.N., Wullschleger, S.D. Acclimation of photosynthesis and
respiration to simulated climatic warming in northern and southern population of
Acer saccharum: laboratory and field evidence. Tree Physiol. 20: 87-96, 2000.
Catoni, R., Gratani, L., Varone, L. Physiological, morphological and anatomical trait
variations between winter and summer leaf of Cistus species. Flora 207: 442-449,
2012,

Cavaleri, M.A., Oberbauer, S.F., Ryan, M.G. Foliar and ecosystem respiration in an
old-growth tropical rain forest. Plant Cell Environ. 31: 473-483, 2008.

Chazdon, R.L., Pearcy, R.W., Lee, D.W., Fetcher, N. Photosynthetic responses of
tropical forest plants to contrasting light environments. In: Mulkey, SS., Chazdon,
RL. and Smith, AP. (Eds.). Tropical forest plant ecophysiology. New York: Chapman
Hall. p. 5-55, 1996.

Chu, Z., Lu, Y., Chang, J.,.Wang, M., Jiang, H., He, J., Peng, C., Ge, Y. Leaf
respiration/photosynthesis relationship and variation: an investigation of 39 woody
and herbaceous species in east subtropical China. Trees 25: 301-310, 2011.

Civeyrel, L., Leclercq, J., Demoly, J.-P., Agnan, Y., Québre, N., Pélisser, C., Otto, T.
Molecular systematics, character evolution, and pollen morphology of Cistus and
Halimium (Cistaceae). Plant Syst. Evol. 295: 23-54, 2011.

Correia, O.A., Catarino, F.M. Seasonal changes in soil-to-leaf resistance in Cistus sp.
and Pistacia lentiscus. Acta Oecol. 15: 298-300, 1994.

Dewar, R.C., Medlyn, B.E., McMurtrie, R.E. Acclimation of the
respiration/photosynthesis ratio to temperature: insights from a model. Glob Change
Biol. 5:615-622, 1999.

Flexas, J., Galmés, J., Ribas-Carbo, M., Medrano, H. The effects of water stress on
plant respiration. In: Lambers H, Ribas-Carbo M eds. Plant respiration: from cell to
ecosystem, Vol. 18. Dordrecht: Springer, 85-94, 2005.

37



Flexas, J., Bota, J., Galmés, J., Medrano, H., Ribas-Carbo, M. Keeping a positive
carbon balance under adverse conditions: responses of photosynthesis and respiration
to water stress. Physiol. Plantarum 127: 343-352, 2006.

Galmés, J., Ribas-Carb6, M., Medrano, H., Flexas, J. Response of leaf respiration to
water stress in Mediterranean species with different growth forms. J. Arid Environ.
68: 206-222, 2007.

Garrigues, S., Allard, D., Baret, F., Morisette, J. Multivariate quantification of
landscape spatial heterogeneity using variogram models. Remote Sens. Environ.
112:216-230, 2008.

Gimeno, T.E., Sommerville, K.E., Valladares, F., Atkin, O.K. Homeostasis of
respiration under drought and its important consequences for foliar carbon balance in
a drier climate: insights from two contrasting Acacia species. Funct. Plant Biol. 37:
323-333, 2010.

Giorgi, F., Lionello, P. Climate change projections for the Mediterranean region.
Glob. Planet. Change 63: 90-104, 2008.

Gotelli, N.J., Entsminger, G.L. Swap and fill algorithms in null model analysis:
rethinking the knight’s tour. Oecologia 129:281-291, 2001.

Gower, S.T., Norman, J.M. Rapid estimation of leaf area index in conifer and broad-
leaf plantations. Ecology 72:1896-1900, 1991.

Gratani, L. 1995. Structural and physiological plasticity of some evergreen species of
the Mediterranean maquis in response to climate. Photosynthetica 31: 335-343
Gratani, L. Canopy structure, vertical radiation profile and photosynthetic function in
a Quercus ilex evergreen forest. Photosynthetica 33(1):139-149, 1997.

Gratani, L., Amadori, M. Post-fire resprouting of shrubby species in Mediterranean
maquis. Vegetatio 96: 137-143, 1991.

Gratani, L., Crescente, M.F. Map—making of plant biomass and leaf area index for

management of protected areas. Aliso 19(1):1-12, 2000.

38



Gratani, L., Bombelli, A. Differences in leaf traits among Mediterranean broad-
leaved evergreen shrubs. Ann. Bot. Fenn. 38: 15-24, 2001.

Gratani, L., Ghia, E. Changes in morphological and physiological traits during leaf
expansion of Arbutus unedo. Environ. Exp. Bot. 48: 51-60, 2002.

Gratani, L., Varone, L. Adaptive photosynthetic strategies of the Mediterranean
maquis species according to their origin. Photosynthetica 42 (4): 551-558, 2004a.
Gratani, L., Varone, L. Leaf key of Erica arborea L., Erica multiflora L. and
Rosmarinus officinalis L. co-occurring in the Mediterranean maquis. Flora 199: 58-
69, 2004b.

Gratani, L., Varone, L. Long-time variations in leaf mass and area of Mediterranean
evergreen broad-leaf and narrow-leaf maquis species. Photosynthetica 44 (2): 161-
168, 2006.

Gratani, L., Bombelli, A., Covone, F. Variation in shrub structure and species co-
occurrence in the Mediterranean maquis. J. Medit. Ecol. 4(1):31-37, 2003.

Gratani, L., Covone, F., Larcher, W. Leaf plasticity in response to light of three
evergreen species of the Mediterranean maquis. Trees 20:549-558, 2006.

Gratani, L., Varone, L., Bonito, A. Environmental induced variations in leaf dark
respiration and net photosynthesis of Quercus ilex L. Photosynthetica 45: 633-636,
2007.

Gratani, L., Varone, L., Catoni, R. Relationships between net photosynthesis and leaf
respiration in Mediterranean evergreen species. Photosynthetica 46: 567-573, 2008.
Gratani, L., Catoni, R., Varone, L. Quercus ilex L. carbon sequestration capability
related to shrub size. Envir. Monit. Assess. 178: 383-392, 2011a.

Gratani, L., Catoni, R., Varone, L. Photosynthetic and leaf respiration activity of
Malcolmia littorea (L.) R. Br. in response to air temperature. Photosynthetica 49: 65-
74, 2011b.

39



Gratani, L., Varone, L., Ricotta, C., Catoni, R. Mediterranean shrublands carbon
sequestration: environmental and economic benefits. Mitig Adapt Strateg Glob
Change 2012, DOI 10.1007/s11027-012-9415-1.

Green, J.J., Baddeleya, J.A., Cortina, J., Watson, C.A. Root development in the
Mediterranean shrub Pistacia lentiscus as affected by nursery treatments. J. Arid
Environ. 61: 1-12, 2005.

Gulias, J., Cifre, J., Jonasson, S., Medrano, H., Flexas, J. Seasonal and inter-annual
variations of gas exchange in thirteen woody species along a climatic gradient in the
Mediterranean island of Mallorca. Flora 204: 169-181, 2009.

Haase, P., Pugnaire, F.l., Clark, S.C., Incoll, L.D. Photosynthetic rate and canopy
development in the droughtdeciduos shrub Anthyllis cytisoides L. J. Arid Environ.
46:79-91, 2000.

Haupt-Herting, S., Klug, K., Fock, H.P. A new approach to measure gross CO, fluxes
in leaves. Gross CO, assimilation, photorespiration, and mitochondrial respiration in
the light in tomato under drought stress. Plant Physiol. 126: 388-396, 200L1.

Hurry, V., Strand, A., Furbank, R., Stitt, M. The role of inorganic phosphate in the
development of freezing tolerance and the acclimatization of photosynthesis to low
temperature is revealed by the pho mutants of Arabidopsis thaliana. The Plant
Journal 24(3): 383-396, 2000.

Isnard, S., Rowe, N., Speck, T. Growth habitat and mechanical architecture of sand
dune-adapted climber Clematis flammula var. maritime L. Ann Bot 91:40-417, 2003.

Ivanova, H., Keerberg, H., Parnik, T., Keerberg, O. Components of CO, exchange in
leaves of C; species with different ability of starch accumulation. Photosynthetica 46
(1): 84-90, 2008.

Karlik, J.F., Winer, A.M. Plant species composition, calculated leaf masses and
estimated biogenic emissions of urban landscape types from a field survey in
Phoenix, Arizona. Landsc Urban Plan 53:123-134, 2001.

40



Kaufmann, M.R., Troendle, C.A. The relationships of leaf area and foliage biomass
to sapwood conducting area in four subalpine forest tree species. Forest Sci. 27:477-
482, 1981.

Lambers, H., Atkin, O.K., Scheurwater, I. Respiratory patterns in roots in relation to
their functioning . In: Waisel, Y., Eshel, A., Kafkaki, U., eds. Plant roots. The hidden
half. New York, USA, Marcel Dekker, 323-362, 1996.

Larcher, W. Photosynthesis as a tool for indicating temperature stress events. In:
Schulze E-D, Caldwell MM (eds) Ecophysiology of Photosynthesis. Ecological
Studies 100. Springer, Berlin, pp. 261-277, 1994.

Larcher, W. Temperature stress and survival ability of Mediterranean sclerophyllous
plants. Plant Biosyst. 134(3) 279-295, 2000.

Larcher, W. 2003. Physiological plant ecology, 4nd edn. Springer, Berlin, Germany,
2003

Larcher,W. Physiological Plant Ecology: Ecophysiology and Stress Physiology of
Functional Groups, 4™ edn. Springer-Verlag, Berlin, Germany, 2004.

Laureano, R.G., Lazo, Y.O., Linares, J.C., Luque, A., Martinez, F., Seco,J., Merino,
J. The cost of stress resistance: construction and maintenance costs of leaves and
roots in two populations of Quercus ilex. Tree Physiol. 28: 1721-1728, 2008.
Lelieveld, J., Hadjinicolaou, P., Kostopoulou, E., Chenoweth, J., Maayar, M. El., C.
Giannakopoulos, C., Hannides, C., Lange, M.A., Tanarhte, M., Tyrlis, E., Xoplaki,
E. Climate change and impacts in the Eastern Mediterranean and the Middle East.
Clim. Change 114: 667-687, 2012.

Llorens, L., Pefiuelas, J., Filella, 1. Diurnal and seasonal variations in the
photosynthetic performance and water relations of two co-occurring Mediterranean
shrubs, Erica multiflora and Globularia alypum. Physiol. Plant. 118: 84-95, 2003.
Loveys, B.R., Scheurwater, 1., Pons, T.L., Fitter, A.H., Atkin, O.K. Growth

temperature influences the underlying components of relative growth rate: an

41



investigation using inherently fast- and slow-growing plant species. Plant Cell
Environ. 25: 975-987, 2002.

Loveys, B.R., Atkinson, L.J., Sherlock, D.J., Roberts, R.L., Fitter, A.H., Atki, O.K.
Thermal acclimation of leaf and root respiration: an investigation comparing
inherently fast- and slowgrowing plant species. Glob. Change Biol. 9: 895-910, 2003.
Ludlow, M.M., Bjorkman, O. Paraheliotropic leaf movements in Siratro as a
protective mechanism against drought-induced damage to primary photosynthetic
reactions: damage by excessive light and heat. Planta 161: 505-518, 1984.

Lusk, C.H., Reich, P.B. Relationships of leaf dark respiration with light environment
and tissue nitrogen content in juveniles of 11 cold-temperate tree species. Oecologia
123: 318-329, 2000.

Metting, F.B., Smith, J.L., Amthor, J.S., lzaurralde, R.C. Science needs and new
technology for increasing soil carbon sequestration. Clim. Change 51:11-34, 2001.
Millar, A.H., Whelan, J., Soole, K.L., Day, D.A. Organization and Regulation of
Mitochondrial Respiration in Plants. Annu. Rev. Plant Biol. 62:79-104, 2011.
Misson,L., Limousin, J.-M., Rodriguez, R., Lett, M.G. Leaf physiological responses
to extreme droughts in Mediterranean Quercus ilex forest. Plant Cell Environ. 33:
1898-1910, 2010.

Mitchell, K.A., Bolstad, P.V., Vose, J.M. Interspecific and environmentally induced
variation in foliar dark respiration among eighteen southeastern deciduous tree
species. Tree Physiol. 19, 861-870, 1999.

Montagnini, F., Nair, P.K.R. Carbon sequestration: an underexploited environmental
benefit of agroforestry systems. Agrofor. Syst. 61:281-295, 2004.

Morales, D., Jiménez, M.S., Gonzéles-Rodriguez, A.M., Cermék, J. Laurel forest in
Tenerife, Canary Islands. I. The site, stand structure and stand leaf distribution. Trees
11:34-40, 1996.

Morison, J.I.L., Morecroft, M.D., eds. Plant growth and climate change. Significance
of temperature in plant life. Boston, MA, USA: Blackwell Publishing, 2006.

42



Neuner, G., Pramsohler, M. Freezing and high temperature thresholds of photosystem
2 compared to ice nucleation, frost and heat damage in evergreen subalpine plants.
Physiol. Plantarum 126: 196-204, 2006.

Neuner, G., Braun, V., Buchner, O., Taschler, D. Leaf rosette closure in the alpine
rock species Saxifraga paniculata Mill.: significance for survival of drought and heat
under high irradiation. Plant Cell Environ. 22: 1539-1549, 1999.

Niklas, K.J. Comparison among biomass allocation and spatial distribution patterns
of some vine, pteridophyte, and gymnosperm shoots. Am. J. Bot. 81:1416-1421,
1994,

Noguchi, K., Yoshida, K. Interaction between photosynthesis and respiration in
illuminated leaves. Mitochondrion 8: 87-99, 2008.

Oliveira, G., Pefuelas, J. Comparative protective strategies of Cistus albidus and
Quercus ilex L. facing photo-inhibitory winter conditions. Environ. Exp. Bot. 47:
281-289, 2002.

Oliveira, G., Pefiuelas, J. Effects of winter cold stress on photosynthesis and
photochemical efficiency of PSII of the Mediterranean Cistus albidus L. and Quercus
ilex L. Plant Ecology 175: 179-191, 2004.

Oquist, G. Effects of low temperatures on photosynthesis. Plant Cell Environ. 6: 281-
300, 1983.

Orshan, G. Approaches to the definition of Mediterranean growth forms. In: Kruger,
F.J., Mitchell, D.T. & Jarvis, J.U.M. (eds.) Mediterranean type-ecosystems. Springer-
Verlag, Berlin, Ecological Studies 43: 86-100, 1983.

Ow, L.F., Griffin, K.L., Whitehead, D., Walcroft, A.S., Turnbull, M.H. Thermal
acclimation and leaf respiration but not photosynthesis in Populus deltoids x nigra.
New Phytol. 178: 123-134, 2008.

Ow, L.F., Whitehead, D., Walcroft, A., Turnbull, M.H. Seasonal variation in foliar

carbon exchange in Pinus radiata and Populus deltoides: respiration acclimates fully

43



to changes in temperature but photosynthesis does not. Glob. Change Biol. 16: 288-
302, 2010.

Pacala, S.W. Hurtt, G.C., Baker, D., Peylin, P., Houghton, R.A., Birdsey, R.A.,
Heath, L., Sundquist, E.T., Stallard, R.F., Ciais, P., Moorcroft,P., Caspersen, J.P.,
Shevliakova, E., Moore, B., Kohlmaier, G., Holland, E., Gloor, M., Harmon, M.E.,
Fan,S.-M., Sarmiento, J.L., Goodale, C.L., D. Schimel, Field, C.B.Consistent land-
and atmosphere-based US carbon sink estimates. Science 292:2316-2320, 2001.
Parkhust, D.F. Diffusion of CO, and other gases inside leaves. New Phytol. 126: 449-
479, 1994.

Pefia-Rojas, K., Aranda, X., Joffre, R., Fleck, I. Leaf morphology, photochemistry
and water status changes in resprouting Quercus ilex during drought. Funct. Plant
Biol. 32: 117-130, 2005.

Pefiuelas, J. Filella, 1., Llusia, J., Siscart, D., Pifiol, J. Comparative field study of
spring and summer leaf gas exchange and photobiology of the mediterranean trees
Quercus ilex and Phillyrea latifolia. J. Exp. Bot. 49(319): 229-238, 1998.

Pereira, J.S., Mateus, J.A., Aires, L.M., Pita, G., Pio, C., David, J.S., Andrade, V.,
Banza, J., David, T.S., Paco, T.A., Rodrigues, A. Net ecosystem carbon exchange in
three contrasting Mediterranean ecosystem—the effect of drought. Biogeosciences
4:791-802, 2007.

Pinheiro, C., Chaves, M.M.: Photosynthesis and drought: can we make metabolic
connections from available data? J. Exp. Bot. 62(3): 869-882, 2011.

Poorter, H., Gifford, R.M., Kriedemann, P.E., Wong, S.C. A quantitative analysis of
dark respiration and carbon content as factors in the growth response of plants to
elevated CO,. Aust. J. Bot. 40: 501-513, 1992.

Reich, P.B., Kloeppel, B.D., Ellsworth, D.S., Walters, M.B. Different photosynthesis-
nitrogen relations in deciduous hardwood and evergreen coniferous tree species.
Oecologia 104: 24-30, 1995.

44



Rennenberg, H., Loreto, A., Polle, A., Brilli, S., Fares, S., Beniwal, R.S., Gesslet, A.
Physiological response of forest trees to heat and drought. Plant Biol. 8: 1-16, 2006.
Ribas-Carbd, M., Taylor, N.L., Giles, L., Busquets, S., Finnegan, P.M., Day, D.A.,
Lambers, H., Medrano, H., Berry, J.A., Flexas, J. Effects of water stress on
respiration in soybean (Glycine max. L.) leaves. Plant Physiol. 139: 466-473, 2005.
Rotondi, A., Rossi, F., Asunis, C., Cesaraccio, C. Leaf xeromorphic adaptations of
some plants of a coastal Mediterranean macchia ecosystem. J. Medit. Ecol. 4(3—
4):25-35, 2003.

Sack, L., Grubb, P.J., Maraiién, T. The functional morphology of juvenile plants
tolerant of strong summer drought in shaded forest understories in southern Spain.
Plant Ecol. 168:139-163, 2003.

Saxe, H., Cannell, M.G.R., Johnsen, B., Ryan, M.G., Vourlitis, G. Tree and forest
functioning in response to global warming. New. Phytol. 149:369-400, 2001.
Sfenthourakis, S., Giokas, S., Tzanatos, E. From sampling stations to archipelagos:
investigating aspects of the assemblage of insular biota. Glob. Ecol. Biogeogr. 13:23-
35, 2004.

Slot, M., Zaragoza-Castells, J., Atkin, O.K. Transient shade and drought have
divergent impacts on the temperature sensitivity of dark respiration in leaves of Geum
urbanum. Funct. Plant Biol. 35: 1135-1146, 2008.

Specht, R.L. A comparison of the sclerophyllous vegetation characteristics of
mediterranean type climates in France, California, and southern Australia. Structure,
morphology, and succession. Aust. J. Bot. 17: 277-292, 1969.

Strand, A., Hurry, V., Henkes, S., Huner, N., Gustafsson, P., Gardestrom, P., Stitt,
M.. Acclimation of Arabidopsis Leaves Developing at Low Temperatures. Increasing
Cytoplasmic VVolume Accompanies Increased Activities of Enzymes in the Calvin
Cycle and in the Sucrose-Biosynthesis Pathway. Plant Physiol. 119: 1387-1397,
1999.

45



Sun, W., Resco, V., Wiliams, D.G. Nocturnal and seasonal patterns of carbon
isotope composition of leaf dark-respired carbon dioxide differ among dominant
species in a semiarid savanna. Oecologia 164: 297-310, 2010.

Tjoelker, M.G., Oleksyn, J., Reich, P.B. Modeling respiration of vegetation: evidence
for a general temperature-dependent Qq,. Glob. Chang. Biol. 7: 223-230, 2001.
Turnbull, M.H., Whitehead, D., Tissue, D.T., Schuster, W.S.F., Brown, K.J., Griffin,
K.L. Response of leaf respiration to temperature and leaf characteristics in three
deciduous tree species vary with site water availability. Tree Physiol. 21, 571-578,
2001.

Turnbull, M.H., Tissue, D.T., Griffin, K.L., Richardson, S.J., Peltzer, D.A.,
Whitehead, D. Respiration characteristics in temperate rainforest tree species differ
along a long-term soil-development chronosequence. Oecologia 143: 271-279, 2005.
Turner, 1.M. Scherophylly: primarly protective? Funct. Ecol. 8: 669-675,1994.

van Lis, R., Atteia, A. Control of mitochondrial function via photosynthetic redox
signals. Photosynthesis Res. 79: 133-148, 2004.

Varone, L., Gratani, L. Physiological response of eight Mediterranean maquis species
to low air temperature during winter. Photosyntetica 45(3): 385-391, 2007.

Vila, M. Effect of root competition and shading on resprouting dynamics of Erica
multiflora L. J Veg Sci 81:71-80, 1997.

Vila, M., Sardans, J. Plant competition in Mediterranean type vegetation. J. Veg. Sci.
10: 281-294,1999.

Vila, M. Lloret, F.Woody species tolerance to expansion of the perennial tussock grass

Ampelodesmos mauritanica after fire. J. Veg. Sci. 11: 507-606, 2000.

Weiner, J. Asymmetric competition in plant populations. Trends Ecol. Evol. 5:360-364,

1990.

Werner, C., Correia, O., Beyschlag, W. Two different strategies of Mediterranean

macchia plants to avoid photoinhibition damage by excessive radiation levels during

summer drought. Acta Oecol. 20: 15-23, 1999.

46



Wright, 1.J., Westoby, M. Leaves at low versus high rainfall: coordination of structure,
lifespan and physiology. New Phytol. 155: 403-416, 2002,

Wright, P.B. et al. The worldwide leaf economics spectrum. Nature 428: 821-827, 2004.
Wythers, K., Reich, P.B., Tjoelker, M.G., Bolstad, P.B. Foliar respiration acclimation to
temperature and temperature variable Qq alter ecosystem carbon balance. Glob. Change
Biol. 11: 435-449, 2005.

Whittaker, R.H., Marks, P.L. Methods of assessing terrestrial productivity. In: Lieth, H.,
Whittaker, R.H. (eds) Primary productivity of the biosphere. Springer, New York, pp 55—
103, 1975.

47



