Capitulo IV

RESPONSES OF PHOTOSYNTHETIC PARAMETERS TO DIFFERENCES IN WINTER
TEMPERATURES THROUGHOUT A TEMPERATURE GRADIENT IN TWO EVERGREEN

TREE SPECIES

ABSTRACT

The temperature dependence of photosynthetic parameters has been a focus of interest
during recent years owing to its profound implications in the new climate scenario. Many
studies have addressed the short-term responses of photosynthetic parameters to
temperature change. Less attention has been given to the intraspecific variability in the
biochemical parameters of photosynthesis in response to differences in growth temperature.
This study explores the effects of winter harshness on the leaf traits of two evergreen tree
species (Quercus ilex and Q. suber). Leaf mass per unit area (LMA) and the concentrations
of fiber, nitrogen (N), soluble protein, chlorophyll and ribulose 1,5-bisphosphate
carboxylase/oxygenase (Rubisco) were determined in both species throughout a
temperature gradient. Several photosynthetic parameters [maximum carboxylation rate
(Vemax), maximum light-driven electron flux (Jmax), dark respiration rate (Ry), relative stomatal
limitation to photosynthesis (RSL), and the apparent nitrogen fraction in Rubisco (PRr) and in
the rate-limiting proteins of photosynthetic electron transport (Pg)] were assessed by
measuring leaf response curves of net CO, assimilation versus intercellular CO, partial
pressure. LMA and structural carbohydrate concentrations increased with the decrease in
winter temperatures, whereas N concentrations did not show definite patterns. Chlorophyll,
soluble proteins, Rubisco, V¢max, Jmaxx Pr and Pg declined with the decrease in winter
temperatures, whereas Ry at a set common temperature (25°C) was higher at colder sites.
Our results suggest that an increase in LMA and in the concentration of structural
carbohydrates in cold environments is associated with a reduced N allocation to the

photosynthetic machinery, which leads to reduced photosynthetic capacity.
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species, climatic gradient.

INTRODUCTION

The investigation of the leaf traits that determine the natural variability of photosynthetic
capacity is one of the main objectives of the present ecological research, given the large
impact of photosynthesis on carbon sequestration and its role in the mitigation of global
warming (Friedlingstein et al. 2006, Booth et al. 2012). The biochemical model proposed by
Farquhar et al. (1980) and later improved by von Caemmerer and Farquhar (1981), Sharkey
(1985) and Harley and Sharkey (1991) has been the most commonly used for characterizing
the photosynthetic performance of the different species and for simulating carbon
assimilation at different times and spatial scales. Significant variation in the two key
parameters of this model (i.e. maximum velocity of carboxylation, V¢max, and maximum rate
of electron transport, Jnax) has been found both across different species (Wohlfahrt et al.
1999, Manter and Kerrigan 2004, Kattge and Knorr 2007, Niinemets et al. 2009a, Lin et al.
2013, Flexas et al. 2014), and within a single species in response to changes in
environmental factors such as growth irradiance (Daas-Ghrib et al. 2011, Vaz et al. 2011,
Zhang and Yin 2012), nutrient supply (Grassi et al. 2002, Warren et al. 2003, Daas-Ghrib et
al. 2011), water availability (Misson et al. 2010, Vaz et al. 2010, Aranda et al. 2012) and

canopy position (Montpied et al. 2009, Legner et al. 2014).

Among the different environmental factors, the temperature dependence of photosynthetic
parameters has been a focus of interest during recent years because of its profound
implications in the new climate scenario. Many studies have addressed the seasonal
variability of temperature responses of photosynthetic parameters in different species
(Medlyn et al. 2002, Han et al. 2004, Borjigidai et al. 2006, Han et al. 2008, Dillen et al.
2012, Lin et al. 2013). However, less attention has been given to the intraspecific variability
in the biochemical parameters of photosynthesis in response to differences in leaf growth

temperature. Various authors have analysed the effects of the differences in growth
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temperature on the photosynthetic capacity of a single species, but most of these studies
rely on short-term experiments with seedlings growing in temperature-controlled growth
chambers (Harley et al. 1992, Bunce 2000, Ghouil et al. 2003, Yamori et al. 2005, 2006,
Warren 2008, Pons 2012). In contrast, there are not many studies addressing the variability
in the photosynthetic parameters in adult specimens of a single tree species growing in

different temperature environments (Zhang et al 2007, Dusenge et al 2015).

It is known that differences in V nax and Jnax are often related to differences in leaf
morphology and chemical composition. For instance, strong positive relationships between
Vemax and leaf nitrogen content have been observed by many authors (Niinemets and
Tenhunen 1997, Wilson et al. 2000, Frank et al. 2001, Yamori et al. 2011). Similarly,
decreases in the photosynthetic parameters have been frequently found associated with
decreases in the fraction of nitrogen invested in the photosynthetic functions as leaf mass
per unit area (LMA) increases (Hikosaka et al. 1998, Poorter and Evans 1998, Onoda et al.
2004, Takashima et al. 2004, Coste et al. 2005). LMA and leaf thickness also affect the
internal CO, diffusion, with a tendency for leaves with greater LMA and thickness to have
lower internal conductance (Syvertsen et al. 1995, Kao and Chang 2001, Niinemets et al.
2005, Zhang et al. 2007, Flexas et al. 2008, Tomas et al. 2013) and a lower photosynthetic
capacity. In several studies, changes in the leaf traits that determine the photosynthetic
parameters have been reported throughout climatic gradients. Within a single species, LMA
tends to be greater in colder environments (Ogaya and Pefiuelas 2007, Atkin et al. 2008,
Mediavilla et al. 2012). Similarly, several authors have reported increases in N contents in
leaves produced in colder sites (Weih and Karlsson 2001, Jian et al. 2009), although in
other studies the patterns in N content proved inconsistent (Hultine and Marshall 2000,
Chen et al. 2013). Accordingly, changes in the photosynthetic capacity of a species could be

expected in response to changes in leaf growth temperature.

In the present paper we analyse the variations in the photosynthetic capacity of mature

specimens of two evergreen tree species (Quercus ilex ssp. ballota (Desf.) Samp and
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Quercus suber L.) throughout a winter temperature gradient. Our objective was to assess
the extent of the differences in V max and Jmax in specimens of the same species growing in
the field under contrasting winter conditions, and to determine the factors controlling these
possible differences. Previous studies with the same species revealed significant
differences between sites in several leaf traits related to differences in the intensity of winter
harshness. Thus, the leaves from one species growing in environments with cooler winters
showed a greater leaf mass per unit area (LMA) and structural carbohydrates
concentrations, but lower chlorophyll, soluble proteins and Rubisco, with no trends in the
leaf nitrogen content between environments (Mediavilla et al. 2012, Gonzalez-Zurdo et al.
2016). By contrast, these trends were not observed in deciduous species (Gonzéalez-Zurdo
et al. 2016), which suggests that the differences between sites in winter conditions were the
cause of the changes observed in leaf traits for the evergreen species. Most authors
addressing the effects of temperature on photosynthetic capacity have reported significantly
higher capacities in the cooler temperatures than in warmer temperatures (Medlyn et al.
2002, Yamori et al. 2005, Dusenge et al. 2015, Kaluthota et al. 2015). These observations
are in line with the hypothesis that plants growing in cool environments make relatively
larger N investment in photosynthetic enzymes, compared to plants growing in warmer
environments, in order to compensate for the low enzyme activity and slower membrane
processes at low temperatures (Berry and Bjérkman 1980, Hikosaka 1997, von Caemmerer
2000). However, our previous data suggest that in evergreen species the cold resistance
traits imply reduced N allocation to the photosynthetic machinery, associated with a stronger
structural reinforcement at colder sites (Mediavilla et al. 2012, Gonzalez-Zurdo et al. 2016).
These large differences in leaf structure and leaf N allocation between sites could be
associated with significant differences in photosynthetic capacity, with lower V nax and Jpax
values at the colder sites. In addition, lower mesophyll conductance to CO, might be
expected in the colder environments as a consequence of the higher LMA and thickness of
the leaves produced under these conditions. Our hypothesis, then, is that evergreen trees

should exhibit lower photosynthetic capacity at colder sites than at warmer sites, as a
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consequence of the structural reinforcement of the leaves produced in colder environments.

MATERIALS AND METHODS

Study species and sites

Two evergreen species were selected for the study: Quercus suber L. and Q. ilex ssp.
ballota (Desf.) Samp. The two species were distributed on six sites located in the regions of
Castilla & Leon and Extremadura (central-western Spain) between latitudes 41° 45' N and
39° 49' N and between longitudes 6° 22' W and 2° 37' W (Table 1). Owing to the differences
in altitude and to the effects of continentality, there were great between-site differences in
temperature, which were especially pronounced for the minimum winter temperatures and
the number of frosts per year (Table 1). In contrast, the differences in summer temperatures
were less intense. Accordingly, the annual temperature range was higher in colder sites
mainly because of the effects of continentality (Ninyerola et al. 2000). According to
differences in winter temperatures, two sites (A, B) may be classified as warm and two (E,
F) as cold. Sites C and D had intermediate temperatures. The sites consisted of flat areas
with sparse populations (between 50 and 100 specimens ha'l) of mature (more than 100
years old) tree individuals. Each site was selected to cover a wide gradient in winter
temperatures, although it was also ensured that the rest of climate characteristics were as
homogeneous as possible. Nevertheless there was a tendency for rainfall levels to be
higher in the hottest and southernmost sites, which helped to reduce the differences in the
intensity of drought stress between cold and hot sites (Table 1). Owing to its lower tolerance
to low temperatures, Q. suber was absent at the coldest sites. Rainfall data were obtained
from the digital climatic atlas of the Iberian Peninsula (Ninyerola et al. 2005): a set of digital
climatic maps of mean air temperature, precipitation and solar radiation elaborated with
200 m resolution by using data from climate stations and a combination of geographical

variables (altitude, latitude, continentality, solar radiation and terrain curvature).
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Table 1. Sites characteristics.

STANDS A B C D E F
Longitude (W) 50 48 6° 22' 50 52 50 47 2037 2052
Latitude (N) 40° 01 39° 49 41° 14 41° 08 41° 45 41° 43
Altitude (m.a.s.l.) 466 600 985 834 1189 1045
Climate characteristics
Mean annual temperature (°C) 16.6 16.8 12.3 12.7 10.3 10.6
Mean spring temperature (°C) 19.3 19.0 15.0 14.9 13.0 13.2
Mean summer temperature (°C) 25.8 26.3 20.8 21.4 19.1 19.1
Mean autumn temperature (°C) 12.2 13.2 7.84 9.11 6.03 6.35
Mean winter temperature (°C) 9.07 9.81 5.55 5.30 3.14 3.53
Absolute minimum temperature (°C) -4.15 -3.55 -8.18 -9.82 -13.7 -16.9
Mean daily minimum temperature of 4.06 4.69 -0.47 -0.9 -2.93 -3.13
the coldest month (°C)
Number of days with frost per year 15 5 57 61 105 112
Mean duration of the period with 68 55 127 154 222 214
frosts (days per year)
Annual rainfall (mm) 986 672 495 460 567 646
Daily mean radiation (W m™) 185 184 186 183 177 179
Emberger’s index 105 60 52 46 79 78
Soil
Sand content (%) 77.2 73.9 84.6 74.3 75.1 84.0
Clay content (%) 11.7 12.3 6.40 12.2 14.4 8.30
Silt content (%) 111 13.8 9.00 13.5 10.5 7.70
Total soil N content (%) 0.143 0.104 0.072 0.021 0.115 0.048
P assimilable (ppm) 38 5 10 4 7 6
Organic matter (%) 4.47 4.10 2.60 0.37 5.12 1.92
pH 4.5 4.7 4.6 4.5 4.8 6.1
Species Qi, Qs Qi, Qs Qi, Qs Qi, Qs Qi Qi

Qi Quercus ilex, Qs Quercus suber

Temperature data were obtained for each site by means of data loggers (Hobo Pendant
temperature/light datalogger, Part UA-002-08, Onset Computer Corporation, Pocasset, MA,
USA). The data loggers were programmed to obtain temperature data every 10 minutes and

were kept at each site for six years (2008-2014).

We used the Emberger’'s pluviothermic index (Emberger 1930) to analyse possible

differences in water stress:
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1000 x P

Q:
@73+ L Ty e (1 — 1)

where P is the annual precipitation (mm), T is the average temperature of the hottest month
(°C) and Ty, is the average temperature of the coldest month (°C). This index is commonly

used in Mediterranean climates (Kunstler et al. 2007).

Soil samples were taken up to a depth of 20 cm (excluding the forest floor) from each stand.
The determination of soil granulometry, pH and N and P concentrations was carried out at
the Soils Laboratory of the Institute of Natural Resources and Agrobiology in Salamanca
according to the methods described by Chapmann and Pratt (1973) and Walkley and Black

(1934).

Gas exchange measurements and biochemical modeling

Leaf gas exchange was measured with a portable steady-state photosynthetic system
(CIRAS, PP-system, Hitchin, UK) equipped with a Parkinson leaf chamber (2.5 sz)_
Measurements were conducted between 7:00 and 13:00 h local solar time during late spring
and early summer, before the onset of summer drought, over a period of two years (2012-
2013), on fully expanded sunlit leaves from the current year spring flush of both species.
The A/C; curves were produced under saturating light intensity (1800 pmol photons m™? s™),
a temperature of 25°C and a relative humidity of around 60%. After allowing the gas
exchange rates to stabilize for 15 minutes at 400 ppm CO, concentration (C,), gas
exchange rates were recorded over a range of intercellular CO, concentrations (C;) resulting
from changing the CO, supply in ten steps from 50 to 1800 ppm. The supply of CO, was
reduced step-wise to the minimum value, then returned to 400 ppm again, and increased
step-wise from that concentration to complete the A/C; curve at the high C, end. At each C,,

photosynthesis was allowed to stabilize for a minimum of 4 minutes and three successive
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measurements were made at 30-s intervals, to ensure stability. A full A/C; response curve
usually took about 1.5 h to complete. In total, around 80 A/C; curves were performed over
the two growing seasons in all sites where Q. ilex was present and 60 curves were

performed for Q. suber.

Photosynthetic parameters were estimated by fitting the model equations of Farquhar et al.
(1980) and later modified by Sharkey (1985) and Harley and Sharkey (1991) to the
measurements of leaf gas exchange by nonlinear least squares regression. For
characterizing the photosynthetic capacity of the leaves, we chose light-saturated net
photosynthesis rate (Amax, Mmeasured at the CO, concentration close to 400 umol mol™ and

-1

1800 pumol m? s* PPFD), maximum carboxylation rate (Vems) and maximum electron
transport rate (Jn,ax) @s parameters. In addition, day respiration rate (Ry) was calculated from
the AJ/C; curves. The Michaelis-Menten constants for CO, and O, and the CO,
compensation point in the absence of mitochondrial respiration were taken from Kosugi et
al. (2003). We assumed an infinite CO, transfer conductance from the intercellular air
spaces to the chloroplasts, i.e. the CO, partial pressure in the chloroplasts was assumed to
be equal to C;, as have numerous other researchers (Daas-Ghrib et al. 2011, van de Weg et
al. 2012, Dillen et al. 2012, Lin et al. 2013, Dusenge et al. 2015). Estimation of internal
conductance requires a considerable experimental effort using a combination of gas
exchange measurements together with either carbon isotope fractionation or fluorescence
techniques, which were not available in the present study. This assumption could induce
underestimation of true V.n.x values (Ethier and Livingston 2004), and therefore only
apparent values of maximum carboxylation rates (Vcmax, Ci) were displayed. Limitations of

RuBP regeneration arising from the availability of inorganic phosphate for

photophosphorylation (Sharkey 1985) were not considered in the present study.

The relative stomatal limitation to photosynthesis (RSL), an estimate of the proportion of the
reduction in photosynthesis attributable to CO, diffusion between the atmosphere and the

site of carboxylation, was calculated from A/C; curves according to the method established
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by Farquhar and Sharkey (1982), where R = (1-A/A,;)100 and A is the net photosynthetic
rate when C; equals ambient C,. Under these conditions, A, is the rate of photosynthesis
that would occur if there were no diffusive limitation to CO, transfer from the bulk
atmosphere to the site of carboxylation. For this calculation, mesophyll conductance was
also considered to be infinitely large. The intrinsic water use efficiency was calculated as the

ratio of net CO, assimilation and stomatal conductance.

Leaf chemical and morphological analyses

Leaf morphology and nitrogen concentration were measured in the same leaves used for
measuring photosynthesis. At the laboratory, leaf thickness was measured with a digital
micrometer (Digimatic micrometer, Mitutoyo, Japan) and calculated as a mean of three
measurements, taken at random positions on each leaf, but avoiding the main ribs on flat
leaves. The total projected leaf areas were determined by an image analysis system (Delta-
T Devices LTD, Cambridge, UK). The samples were then oven-dried at 70°C to constant
weight and the total dry mass was determined. From the data obtained we calculated the
leaf dry mass per area (LMA). Leaf N concentrations were determined with a CE-
Instruments NA-2100 autoanalyser (ThermoQuest, Milan, Italy) and later expressed as per
unit dry mass (Nmass, Mg g"l), and per unit of leaf area (Narea, 0 m'z), calculated as the

concentration per unit dry mass multiplied by LMA.

LMA and leaf nitrogen content per dry mass (Nyass) Values were used together with V¢max
and J,.x estimates to calculate the apparent nitrogen fraction in Rubisco (Pg), and in the
rate-limiting proteins of photosynthetic electron transport (Pg), according to Niinemets and

Tenhunen (1997):

Pk = Vemax (6.25 X Ver X Nimass X LMA)

Pe = Jmax/ (8.06 X Jme X Nimass X LMA)
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where V,, is the maximum rate of ribulose-1,5-bisphosphate carboxylation per unit Rubisco
protein (V¢ = 20.5 pmol CO, (g Rubisco)™ s™ at 25°C), Jn is the capacity for photosynthetic
electron transport per unit cytochrome f (Jme = 156 mol e (mol cyt f)* s at 25°C), and
scaling coefficients of 6.25 and 8.06 are based on the stoichiometry of nitrogen content of

proteins and rate-limiting proteins (Niinemets and Tenhunen 1997).

The concentrations of chlorophyll, Rubisco, soluble protein and fibre (hemicellulose,
cellulose and lignin) were determined in leaf samples collected in close proximity to the
leaves used in the gas-exchange measurements. The samples used to determine the fibre
concentration were harvested on the same dates as the gas-exchange measurements.
Fibre concentrations were determined with an Ankom Analyzer (A220, New York, USA),
following the method of Goering and Van Soest (1970). Since determining the concentration
of Rubisco, chlorophyll and soluble protein is costly in terms of both time and money, we
limited our analyses to samples taken on one single occasion (end of spring - beginning of
the summer of 2013) from the same specimens sampled for the photosynthesis
measurements. The samples were transported to the laboratory in a fridge. At the
laboratory, the plant material was weighed and immediately plunged into liquid nitrogen and
kept at -80°C until further analysis. Protein extraction and the determination of protein and
chlorophyll concentrations were conducted using the Agrisera method (Sweden).
Chlorophyll was measured according to Whatley and Arnon (1963) and total soluble protein
was measured according to Bradford (1976). The dry mass of the leaves used for the
analyses were also determined, and the chlorophyll (CF) and protein (PT) contents of
leaves were expressed per unit dry mass. For Western blotting and Rubisco analysis we
used the Agrisera method, with minor modifications (see Vicente et al. 2011). The relative
amount of the Rubisco large subunit was calculated by densitometric scanning of PVDF
membranes by image analysis using the Scion ImagePC software (Scion, MD, USA) and

expressed in arbitrary units (AU).
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Statistical analysis

The data concerning the two plots selected for each climatic category as a function of the
intensity of their winter harshness (two warmer plots, two intermediate plots and two plots
with the coldest winters) were pooled after checking that there were no significant
differences in the mean values obtained for each of them in any of the variables (data not
shown). Between-site differences in the parameters analysed were explored using one-way
analysis of variance. All statistical analyses were performed using the SPSS statistical
package (SPSS Inc., Chicago, IL, USA). The Levenberg-Marquardt estimation technique of

SPSS was used for all non-linear regression analyses of A/Ci curves.

RESULTS

Leaf morphology and chemistry: intraspecific variability related to a winter temperature

gradient

In response to the temperature gradient, the two species studied showed significant
between-site differences in several leaf traits. LMA, leaf thickness and the structural
carbohydrates concentration (cellulose + hemicellulose) tended to be greater at the coldest
sites, while the lignin concentration did not show differences between sites (Fig. 1). Also
Narea tended to increase across the sites in correlation with the intensity of their winter
harshness. However, the differences in N, Were merely the result of the increase in LMA
associated with the decrease in temperatures, since N, did not vary significantly among
sites in both species (Fig.1). The concentrations of chlorophyll and soluble proteins fell with
the reduction in winter temperatures when they were expressed per unit of leaf mass, with
significantly higher values in the leaves produced in warmer environments with respect to
the colder sites (Fig. 2). The differences, however, tended to disappear when both

constituents were expressed per unit leaf area, due to increased LMA in the coldest places.
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Figure 1. Mean (zSE, n = 20-30) leaf traits at the different sites. The significant differences among sites are
marked with different letters (Fisher LSD test, P < 0.05). LMA, leaf mass per unit area; H+C, hemicellulose +
cellulose.

For Q. ilex, the sites with intermediate conditions were not always significantly differentiated

from the warmer or colder sites, although they consistently showed intermediate values

between both. In both species the relative amounts of Rubisco decreased with the increase

in the intensity of winter harshness (Fig. 2).

Intraspecific variability in photosynthetic parameters

The large between-environment differences in leaf structure and chemical composition were

paralleled by significant variability in photosynthetic capacity as measured by apparent V ¢max
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Figure 2. Mean (+SE, n = 10) concentration of chorophyll (CF), soluble protein (PT) and Rubisco at the different
sites. The significant differences among sites are marked with different letters (Fisher LSD test, P < 0.05).

and Jna. The two parameters reached higher values at the warmer sites both when
expressed per unit leaf area and per unit leaf mass (Fig. 3). By contrast, the day respiration
rates (Ry) measured at 25°C were higher at the colder sites for both species (Fig. 3). No

significant differences were observed for Jma/Vemax between the different sites (Fig. 3).

Due to the differences in Vgmax and Jnax, the light-saturated photosynthetic rates at an
ambient CO, concentration around 400 pmol mol™ were always higher at the warmer sites
(Table 2). The between-site differences were especially marked when photosynthetic rates

were expressed on a per leaf mass basis. The relative stomatal limitation to photosynthesis
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Figure 3. Mean (zSE, n = 20-30) day respiration rates and photosynthetic parameters at the different sites. The
significant differences among sites are marked with different letters (Fisher LSD test, P < 0.05).

(RSL) was stronger in the warmer environments. Finally, the intrinsic water-use efficiency
also reached significantly higher values at the warmer sites (Table 2). Under comparable
temperature conditions, Q. suber exhibited higher values per unit leaf mass of V¢max, Jmax

and light-saturated photosynthetic rate (Table 2 and Fig. 3).
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Table 2. Light-saturated photosynthetic rates per unit leaf area (Aarea) and per unit leaf mass (Amass),
intrinsic water use efficiency (A/g) and relative stomatal limitation (RSL) at the different sites. Standard errors in
parentheses (n=20-30). The significant differences among sites are marked with different letters (Fisher LSD
test, P <0.05)

. . Aarea Amass Alg RSL
Species Sites _— 14 .

(umol m? s (nmolg?s®)  (umol C mol™ H,0) (%)
Q. suber Warm sites 11.22 (0.55) a 75 (4.05) a 96 (3.80) a 37(2.72) a
Intermediate sites 9.30(0.31) b 54 (0.95) b 71(4.04) b 30(1.77) b
Q. ilex Warm sites 9.00(0.37) a 46.0 (1.81) a 109 (9.14) a 43 (1.80) a
Intermediate sites 8.14 (0.31) ab 36.4(1.42) b 90 (4.77) b 38(2.23)a
Cold sites 7.05(0.56) b 29.2(2.27)c 63 (4.53) c 31(1.96) b

Relative investment of leaf nitrogen in photosynthesis

The estimated apparent nitrogen fraction in Rubisco (Pgr) and in the rate-limiting proteins of
photosynthetic electron transport (Pg) varied significantly among the different sites occupied
by each species. Apparent leaf nitrogen investment in Rubisco (Pgr) amounted to
approximately 26% (Q. suber) and 21% (Q. ilex) at the sites with higher winter
temperatures, but decreased to 17 and 12%, respectively, in the coldest locations for each
species (Table 3). The higher fractional investment of foliar N in Rubisco in the warmer
environments was also accompanied by a stronger investment in bioenergetics (Pg). Again,

sites with intermediate temperatures exhibited intermediate values of Pg and Py in Q. ilex

Table 3. Apparent nitrogen fraction in Rubisco (Pg) and in the rate-limiting proteins of photosynthetic

electron transport (Pg) and photosynthetic nitrogen use efficiency (PNUE) at the different sites. Standard

errors in parentheses (n=20-30). The significant differences among sites are marked with different letters
(Fisher LSD test, P < 0.05)

. . Pr Pg PNUE
Species Sites 4 4 P
(mgg™) (mgg™) (Hmol g~ N s™)
Q. suber Warm sites 257 (10.2) a 59.2 (2.70) a 4.36 (0.23) a
Intermediate sites 173 (8.55) b 40.2 (1.51) b 3.21(0.14) b
Q. ilex Warm sites 208 (5.89) a 52.9 (1.74) a 3.40 (0.12) a
Intermediate sites 160 (1.73) b 39.1(1.27) b 2.78 (0.09) b
Cold sites 122 (4.46) ¢ 29.4 (1.43) ¢ 2.12 (0.15) ¢
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(Table 3). As a consequence, both species achieved significantly higher photosynthetic
nitrogen-use efficiencies at the warmer sites (Table 3). Within each species, the decrease in
Pk in response to the decrease in winter temperatures was of a similar order of magnitude
to the decrease in Pg, and in both species Pg and Pr exhibited percentage reductions
similar to those observed for Vinax and Jnax respectively. Under the same temperature
conditions, Q. ilex maintained lower fractional investments of its leaf N in Rubisco and in the
rate-limiting proteins of photosynthetic electron transport, as well as lower PNUE than Q.

suber (Table 3).

DiscussIioN

Confirming previous reports, in both species the leaves that had developed in cooler winter
environments had a greater thickness, LMA and a higher concentration of structural
carbohydrates than those that had developed at sites with milder winters. These results
suggest that a greater leaf structural reinforcement is required to cope with more severe
winter conditions. The between-site differences in leaf traits have important repercussions
on photosynthesis, with large differences in the parameters of photosynthesis across the
temperature gradient in both species. Many authors have reported greater Vi max and Jmax
values in the leaves of a species grown at cooler temperatures than for those grown at
warmer temperatures (Bunce 2000, Fan et al 2011, Dusenge et al 2015). These responses
to temperature would support the hypothesis that plants growing in cool environments make
relatively larger N investments into photosynthetic enzymes compared to plants growing in
warmer environments in order to compensate for the low enzyme activity at low

temperatures (Dusenge et al. 2015).

In contrast, in the present study, we have shown that the two species had lower values of
Vemax @nd Jmax and light-saturated photosynthetic rates at the sites with colder winter
temperatures. Given the strong correlations often observed between Ngea, Vemax @and Jmax

across different species, the differences in leaf N content are usually considered as the
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main determinant of the variations in the photosynthetic parameters within a single species
(Grassi et al. 2002, Medlyn et al. 2002, Warren et al. 2003, Whitehead et al. 2004, Misson et
al. 2006, Zhang et al. 2007, Vaz et al. 2011, Zhang and Yin 2012). Several authors have
reported higher N concentrations in the leaves produced under low temperatures (Reich and
Oleksyn 2004), which also supports the hypothesis that higher investments in enzymes
constitute an adaptation aimed at compensating for the shorter length of the favourable
growth period at sites with lower temperatures. However, in the present study, the between-
site differences in Naea Were small. Accordingly, we did not observe any trend in increased

N investments in colder sites.

Leaf structure, especially leaf mass per area (LMA), has been proposed by different authors
as one of the determinants of photosynthetic rates, owing to the effects of LMA on the
patterns of nitrogen allocation (Field and Mooney 1986, Evans 1989, Poorter et al. 2009).
Greater allocation of leaf nitrogen to cell walls and reduced investment in Rubisco as LMA
increased has been observed in different studies (Onoda et al. 2004, Takashima et al.
2004). In this study, the larger LMA at the colder sites was accompanied by lower
concentrations of chlorophyll, soluble protein and Rubisco than in warmer environments.
Despite the similar leaf N concentrations at the different sites, the fractional investments of
foliar N in Rubisco (Pr) and in the rate-limiting proteins of photosynthetic electron transport
(Pg) always reached significantly lower values at the colder sites. The greater thickness and
LMA at colder sites is probably a consequence of the thickening of the cell walls, which
explains the higher concentrations of structural carbohydrates, a characteristic of leaves
growing in cold climates (Kubacka-Zebalska and Kacperska 1999, Stefanowska et al. 1999).
It is known that cell walls accumulate a significant amount of nitrogen compounds: up to
10% of the cell content (Reiter 1998, Hikosaka and Shigeno 2009). Accordingly, it can be
expected that a greater amount of available nitrogen would be allocated to cell walls in
environments with harsher winters, leading to a reduction in the amount available for

allocation to chlorophyll or photosynthetic proteins. This lower allocation is the most
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plausible explanation for the lower values of photosynthetic capacity, V¢max and Jnax in the
colder environments. In addition to the lower values of the photosynthetic parameters, leaf
dark respiration rates at 25°C tended to be higher in the colder than in the warmer habitats,
a trend previously reported by several authors (Mooney 1963, Oleksyn et al. 1998). These
higher Ry values may reflect an inevitable increase in maximum respiratory capacity
associated with repair functions under cold, bright conditions that may induce photoinhibition
(Atkin et al. 2000). Our results have suggested that the within-leaf N allocation is a stronger
determinant of the intraspecific variation in photosynthetic capacity than absolute leaf N
content. Owing to the differences in the allocation of N to photosynthetic enzymes, leaf
structural components and repair functions, the two species achieved higher N-use

efficiency at the warmer sites.

The between-site differences in leaf structure should determine important differences in
mesophyll conductance (g.). Decreases in the internal diffusion conductance have been
associated with increases in LMA and in the cell wall fraction in several species (Syvertsen
et al. 1995, Kao and Chang 2001, Niinemets et al. 2005, 2006, Flexas et al. 2008, Tomas et
al. 2013), which should contribute to limiting the supply of CO, to the chloroplasts, and to
reducing the photosynthetic capacity. We made our calculations assuming infinite
conductance of CO, transfer between the intercellular spaces and sites of carboxylation.
Rates of photosynthesis are related to the concentration of CO, at the sites of carboxylation
(Cc), not the more easily measured Ci, and it is possible that the draw-down from Ci to Cc
varies among sites and this affects the results. Different authors have demonstrated that
assuming an infinite mesophyll conductance leads to a large underestimation of V. and to
a lesser extent of J.,o (Ethier and Livingston 2004, Manter and Kerrigan 2004, Flexas et al.
2008, Niinemets et al. 2009b). If leaf mesophyll conductance is lower in leaves with the high
LMA and cell wall content typical of the colder environments, Cc will be much lower than Ci
and will result in a more significant underestimation of V.. than that obtained in the

warmer environments. The changes in mesophyll conductance could thus attenuate the
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differences in the actual values of the photosynthetic parameters. However, the decrease in
Vemax @and Jnax With the decrease in winter temperatures observed in the present study was
very strong (more than 30% in Q. suber and 35% in Q. ilex). It is hard to believe that this
strong reduction in the photosynthetic parameters would be explained solely by calculation
errors associated with the differences in g,,. Furthermore, the percent reduction in Jm, was
of similar magnitude to that of V., despite the fact that J.,o« is much less affected by g,

than V.max (Ethier and Livinston 2004, Flexas et al. 2008, Niinemets et al. 2009b).

Owing to the parallel variation in both photosynthetic parameters, we did not find significant
between-site differences in the J./Vemax ratio. Other authors that have analyzed between-
site differences in the photosynthetic parameters have reported decreases in the Jmad/Vemax
ratio at the warmer sites in several controlled experiments (Bernacchi et al. 2003, Yamori et
al. 2005), as well as in other field studies with different species (Onoda et al. 2005, Kattge
and Knorr 2007, Leuning 1997, Hikosaka et al. 1999, Bernacchi et al. 2001, Leuning 2002,
Yamori et al. 2010). This would suggest that these species invest more nitrogen in RuBP
regeneration processes (electron transport, ATP synthase, and Calvin cycle except for
Rubisco) than in Rubisco as growth temperatures decrease. The higher apparent
investment in Jnax compared to V.max at the colder sites has been interpreted as an
adaptation to the lower PAR levels at higher latitudes (Yamori et al. 2010, van de Weg et al.
2012). Obviously, this explanation is only valid when the temperature gradients are
associated with large latitude gradients that imply differences in the available radiation
levels. In our case, however, the differences in latitude of our sites are small, and,
accordingly, the solar radiation levels were similar (Table 1). The constancy in the values of
the Jnax/Vemax ratio suggests that this ratio is insensitive to changes in temperature, which is

consistent with the results obtained by other authors (Ferrar et al. 1989, Bunce 2000).

In conclusion, our results reveal that, owing to the leaf structural reinforcement typical of
colder climates, the proportion of N allocated to the photosynthetic machinery in these

environments is lower than in warmer locations. This lower allocation contributes to
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decreasing the photosynthetic N-use efficiency at the colder sites with respect to the
populations of the same species located in warmer areas. Although the relative stomatal
limitation to photosynthesis (RSL) was lower in the colder environments, this lower limitation
was not sufficient enough to compensate the apparent lower activity of the photosynthetic
machinery, which results in lower rates of light-saturated photosynthesis at ambient CO,
concentrations. It has been suggested that low photosynthetic rates of evergreen species in
colder climates may be compensated by a longer leaf lifespan (Wright et al. 2005).
However, for the two species included in the present study, differences in leaf lifespan were
not significant across the temperature gradient (Gonzalez-Zurdo et al. 2016). It could be
argued that under water-limited conditions, as in Mediterranean environments, the lower
photosynthetic capacity typical of colder environments is compensated by lower stomatal
limitations during the drought-stressed part of the growth season. If drought stress was
more intense at warmer sites, this would reverse the positive effects of higher temperatures
and could shorten the growth season at the warmer sites when compared with the colder
ones. However, in the present study, differences in summer temperatures were relatively
low. At the same time, the warmer sites also received greater rainfall, which could reduce
the differences in drought stress. In fact, the Emberger's pluviothermic index was
uncorrelated with temperature (Table 1). Accordingly, under the conditions of the present
study, the photosynthetic performance of evergreen leaves is significantly lower at colder

sites and this disadvantage is not compensated for by other leaf traits.
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