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Abstract The reduction of photosynthetic rates with tree
age has been proposed as a major driver of the pro-
ductivity declination along ontogeny. It is not clear,
however, how environmental humidity affects stomatal
conductance and biochemical potential of photosyn-
thesis in trees belonging to different age-classes. We as-
sessed daily cycles of gas exchange on leaves of juvenile
and mature individuals of the tropical high-elevation
tree Alnus jorullensis Kunth (Betulaceae), at two sites
with contrasting precipitation in the Venezuelan Andes.
Photosynthesis and stomatal conductance were higher in
juvenile trees during the morning and at noon in the
mesic site, and were in general similar between age-
classes in the wet site. Under light-saturating conditions,
the net photosynthetic rate was similar between the age-
classes at the wet site and higher for juvenile trees at the
mesic site, whereas stomatal conductance did not differ
between age-classes and was higher at the wet site. Daily
cycles of gas exchange and a type II regression model
between photosynthesis and intercellular CO, concen-
tration indicated that the better performance of juvenile
trees at the mesic site was due to lower non-stomatal
limitations. These results support the proposal that non-
stomatal limitations—rather than stomatal ones—are
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involved in the decay of photosynthesis in mature trees,
and suggest that such limitations may be evident only
under drier conditions.
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Introduction

The quest for a universal explanation for the decline of
forest productivity during ontogeny has revealed
noticeable physiological variation among different aged-
trees (Becker et al. 2000; Bond 2000; Thomas and Winner
2002; Mencuccini et al. 2005; Pennisi 2005; Ryan et al.
2006). In many species it has been found that stomatal
conductance and photosynthesis decrease with tree age
(Yoder et al. 1994; Hubbard et al. 1999; McDowell et al.
2005; Nabeshima and Hiura 2008). The age-dependent
photosynthetic decrease has been attributed to the
stronger difficulties for water flux that occur with in-
creases in tree height and architectural complexity along
with age, which promote lower stomatal conductance for
CO, diffusion into intercellular spaces (Ryan and Yoder
1997; Bond 2000). Photosynthesis of older trees, how-
ever, has been observed to decrease even at relatively
high intercellular CO, concentrations (Day et al. 2001;
Niinemets 2002; but see Delzon et al. 2005), indicating
that the biochemical potential for photosynthesis (i.e.,
non-stomatal limitations) may be constrained with age.
Other studies suggest that photosynthetic decay on older
trees may be part of a genetically controlled maturation
process (Becker et al. 2000; Bond 2000; Day et al. 2001).

The photosynthetic decay along ontogeny is not a
universal observation; there is evidence showing that
photosynthesis actually increases with age (Cavender-
Bares and Bazzaz 2000; Rijkers et al. 2000; Thomas
and Winner 2002; Kenzo et al. 2006). From these studies
it became evident that ontogenetic variation in the
photosynthetic rate is influenced by the environmental
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conditions experienced by old and young trees. For
example, it has been demonstrated that photosynthesis
increases with tree age when understory saplings are
compared with canopy trees, but these differences dis-
appear if only open-grown saplings are included (Tho-
mas and Winner 2002). Ontogenetic variation in gas
exchange also depends on the humidity conditions
experienced by different aged-trees. Due to their
hydraulic constraints, it is expected that older (i.e., tal-
ler) trees close their stomata earlier than younger ones
when both age-classes are exposed to a common gradi-
ent of soil or air water saturation deficit (Ryan and
Yoder 1997), and this has been already found in some
temperate coniferous species (Yoder et al. 1994; Hub-
bard et al. 1999). Nonetheless, stomatal conductance of
different aged- and sized-trees of Douglas-fir tend to
converge in a similar value as soil or air become drier
(McDowell et al. 2005), in spite of a previous study that
found that low soil water content imposes stronger
hydraulic limitations on older trees when compared to
younger ones (Phillips et al. 2002). On the other hand,
older trees may offset their hydraulic constraints by
accessing deep water sources (Donovan and Ehleringer
1991) or by decreasing the minimal value of leaf water
potential needed to maintain it above a critical threshold
(Barnard and Ryan 2003), though such compensatory
mechanisms are not always enough to avoid the decay in
photosynthesis (Yoder et al. 1994; Barnard and Ryan
2003). Non-stomatal limitations of photosynthesis are
also expected to be stronger under drier conditions
(Chaves et al. 2003), and yet no study has examined
ontogenetic variation in non-stomatal limitations under
contrasting humidity.

Tropical species might be an adequate model to dis-
tinguish the influence of humidity on the physiological
variation with tree age. Tropical high-elevation envi-
ronments are characterized by a lack of seasonal varia-
tion in temperature but strong diurnal fluctuations in
temperature (Monasterio and Reyes 1980a; Smith and
Young 1987). There is a daily variation in humidity
closely associated to the variation in temperature. Thus,
the effects of humidity variation on photosynthesis of
different tree age classes could be adequately inferred
from daily cycles in tropical high-elevation plants. In
addition, it has been shown that sensitivity of gas ex-
change to moisture is higher in tropical species than in
temperate ones (Park and Furukawa 1999; Cunningham
2004, 2005). Despite the apparent advantages of tropical
species in assessing the effect of humidity on the pho-
tosynthetic variation with ontogeny, results from these
studies have been strongly biased by different light
environments on each age class (i.e., closed understory
on the smaller tree ages) (Thomas and Winner 2002).

The aim of this study was to assess the ontogenetic
variation of photosynthesis of the tropical high-eleva-
tion tree species Alnus jorullensis Kunth (Betulaceae),
examining the influences of environmental humidity
under field conditions. We studied daily cycles of gas
exchange on leaves of juvenile and mature trees at two

sites with contrasting precipitation in the Venezuelan
Andes. The “mesic site” represents the lowest limit of
the species distribution along a precipitation gradient,
while the “wet site” represents the precipitation level at
which this species commonly occurs (Vareschi 1970). In
both sites, the two age classes co-occur in open stands
without shading effect by canopy trees, implying that the
light environment is quite similar between juvenile and
mature trees. We hypothesized that photosynthesis
should be higher in juvenile trees of A. jorullensis than in
mature ones, due to lower stomatal and non-stomatal
limitations. In addition, these ontogenetic differences in
gas exchange should be more evident in the mesic than
in the wet site, since hydraulic and biochemical restric-
tions are likely to be stronger in the drier condition.

Methods
Study species and sites

Alnus jorullensis (Betulaceae) is a monoecious tree that
can reach 20-25 m tall and 1.0 m in diameter (Nieto and
Rodriguez 2003). This species naturally grows at sites
with average annual temperatures of 7-18°C and annual
precipitation between 1,000 and 2,500 mm, requiring
soils with constant and high humidity content (Vareschi
1970). In the Venezuelan Andes, forests with A. jorull-
ensis develop between 2,200 and 3,300 m a.s.l. (Monas-
terio and Reyes 1980a).

The study was carried out in the Venezuelan Andes,
near the city of Mérida, at two sites with contrasting
precipitation intensities; (1) a wet site, La Culata
(8°42’'N, 71°05'W, 2,500 m a.s.l.), with mean annual
precipitation of 1,655 mm and mean annual temperature
of 13.6°C (Monasterio and Reyes 1980a); and (2) a mesic
site, San José de Acequias (8°30'N, 71°12'W, 2,400 m
a.s.l.), with mean annual precipitation of 800 mm and a
mean annual temperature of 12°C (Monasterio and
Reyes 1980a). Mean air temperature of the study sites is
fairly constant throughout the year with a difference of
ca. 3°C between the hottest and the coldest month (A-
taroff 2003). Precipitation regime in both study sites is
bimodal. In San José, peaks of precipitations (> 100 mm
of rainfall per month) occur between April and June and
between October and November, while from July to
September rainfall decreases to ca. 40 mm per month
(Monasterio and Reyes 1980b). In contrast, peaks of
precipitation in La Culata (>100 mm of rainfall per
month) occur between April and June and between
September and November, while precipitations remains
above 80 mm per month during July and August
(Monasterio and Reyes 1980b). The driest season for
both sites occur between December and March, with
rainfall amounts of ca. 30 mm per month in San José
and ca. 40 mm per month in La Culata (Monasterio and
Reyes 1980b). To assess differences in gas exchange be-
tween mature and young trees of Alnus jorullensis, we
conducted our measurements between August and



September, which are the months with high differences
in rainfall between the two study sites.

On each site, five trees of two age classes were se-
lected; juvenile trees, defined as individuals of <1.5 m
tall and ~10 cm of diameter at breast height (DBH,
1.35 m height), and mature trees, defined as individuals
of >15.0 m and ~50 cm DBH. Measurements of gas
exchange were carried out on each of these selected trees.
In both sites the two age classes co-occur in open stands,
without presence of closed canopy.

Gas-exchange measurements

Gas exchange was measured on one one-year-old leaf of
each of the selected mature and juvenile trees. Selected
leaves were located at a similar solar exposition and
height (ca. DBH). Daily cycles of net photosynthesis (A),
stomatal conductance (g), leaf temperature (77), air
temperature (7,), intercellular CO, concentration (Cj),
external CO, concentration (C,), and photosynthetically
active radiation (PAR) were registered every 2-3 h with
an infrared gas analyzer (LCA-2 System, The Analytical
Development Co. Ltd, Hoddesdon, England). Respira-
tion rate was recorded when PAR was close to zero
while photosynthetic rate was recorded when PAR was
positive. Diurnal cycles of gas exchange were recorded in
both sites during 9-10-11th August, and during 27-28—
29th September. In the wet site, the cycle was performed
from 0900 hours of one day to 1300 hours of the fol-
lowing day in August, and from 0900 hours of one day
to 0800 hours of the following day in September. In the
mesic site, the cycle was performed from 1100 hours of
one day to 1000 hours of the following day in August,
and from 1100 h of one day to 0930 h of the following
day in September.

Daily cycles of vapor-pressure difference between leaf
and air (VPD) were calculated in each site, from leaf and
air temperatures and relative humidity. Leaf tempera-
tures of mature trees (n = 3) were measured every 2-3 h
with fine-wire copper-constantan thermocouples at-
tached to the lower leaf surface. Air temperatures were
measured with copper-constantan thermocouples placed
at 1.5 m above the soil surface. Relative humidity was
measured with a ventilated wet-dry bulb psychrometer.
VPD was calculated from leaf temperatures of mature
trees; as leaf temperatures were similar between age
classes (see “‘Results”), we assumed the same VPD for
mature and juvenile trees.

Statistical analyses

Repeated measures ANOVAs were used to test for dif-
ferences in 4 and g between sites for each age class and
sampling date (month). For these analyses, the hours
when measurements were taken represented the repeated
measure (i.e., within subject factor) (Sokal and Rohlf
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1995). Values of VPD between sites were compared by
Student’s ¢-test.

For each site, gas-exchange measurements recorded
during times with PAR levels higher than zero were or-
dered on the following periods: morning (for measure-
ments taken between 0900 and 1130 hours), midday (for
measurements taken between 1200 and 1400 hours), and
afternoon (for measurements taken between 1500 and
1830 hours). A fourth period of “early morning” was
also included for measurements taken at the mesic site
between 0700 and 0730 hours. For each period, mean
values of 4 and g were compared between the two age
classes by Student’s r-test. Data were logo-transformed
when they were not normally distributed and/or vari-
ances were not homogeneous (Sokal and Rohlf 1995).
Negative values of 4 recorded at times where PAR was
zero (i.e., night), were analyzed separately to examine
respiration rate. In order to examine the global effects of
age-class and site on gas exchange, data of 4 and g re-
corded at different hours on each site on both sampling
dates (August and September) were pooled for each age-
class and then compared by a two-way ANOVA—with
age class and site as fixed factors—. To discard a possible
masking effect of light-limitation responses of A4 in
this analysis, only records of 4 and g taken at
>800 pmol photons m 2 s~! of PAR were considered.

The dependence of 4 on g and C; was examined by a
lineal regression type II fitted for the relationships be-
tween A and the other two parameters for each age class
in the two sites. Only data taken under a PAR higher than
800 umols m 2 s~ were included in these analyses, to
procure that gas exchange was under light saturating
conditions. The statistical package (SYMATR (Version 1:
Falster DC, Warton DI, Wright 1J; http://www.bio.mq.
edu.au/ecology/SMATR) was used to examine major axis
relationships of 4 and g in each size class and site, and to
test for age-class variation. This package computes
standardized major axis (SMA), which is similar to linear
regression, although residuals from the regression line are
estimated in both the X and Y axes. Linear regression is
entirely appropriate for prediction, but is misleading
when the purpose is to estimate the line-of-best-fit relating
two variables (Falster et al. 2003). In contrast, the SMA
analysis is appropriate when the purpose is to estimate the
relationship between two variables, usually when the
slope of the relationship is of primary interest. For this
analysis, g and 4 were log-transformed in order to nor-
malize distributions, reduce heterogeneity of variance,
and improve model fits.

Results
Comparison between sites

Temperature records indicated that the wet site was
slightly colder than the mesic one (data not shown)
mainly due to the overcast conditions prevailing at the
former site. VPD was consistently higher in the mesic


http://www.bio.mq.edu.au/ecology/SMATR
http://www.bio.mq.edu.au/ecology/SMATR

54

Fig. 1 Daily cycles of vapor August 1994 September 1994
pressure deficit at a wet (La 3.0 .
Culata) and a mesic site (San z ® Mesw.me ®
José de Acequias) of the v Wet site
Venezuelan Andes during 24
August and September 1994. =
Values calculated from leaf 218
temperatures on mature trees e é
> .
1.2 Qg - - ¥
&} v
0.6 1% v v
v © °© o e ¥ v Y4 O
0.0 — YWy v v "V . .
8 12 16 20 0 4 8 12 8 12 16 20 0 4 8 12
Hour Hour

than in the wet site only on measurements taken in
August (Fig. 1, + = 3.983, P < 0.001 and ¢ = 0.326,
P = 0.748, for August and September, respectively).

According to daily cycles, 4 of juvenile trees was
higher at the mesic site than at the wet site in both
sampling dates (repeated measures ANOVA Fj 35 =
120.5, P < 0.0001 and Fj,q = 123.4, P < 0.0001 for
August and September, respectively), while in mature
trees this occurred only in September (Fios = 9.2,
P = 0.002). Regarding stomatal conductance, while
there were no differences between sites for both mature
and juvenile trees during the cycle of September, it was
higher and more erratic at the wet site than at the mesic
one during the cycle of August in both age-classes
(Fig. 2).

Comparison between age classes

Photosynthetic differences between age classes were de-
tected—with the exception of one value—only on the
mesic site during the morning and noon periods (times
of maximal temperature and PAR; Fig. 2). In this site,
photosynthesis in August during the morning was 65%
higher in juvenile than in mature trees. In September,
photosynthetic rates during the morning and noon were
42 and 36% higher in juvenile trees. The lower values of
photosynthesis in large trees at the mesic site occurred
concomitantly with higher values of C; (Fig. 2). In this
site, higher stomatal conductance was observed in
juvenile trees during the early morning of August and
also during the morning, noon, and afternoon in Sep-
tember (Table 1, Fig. 2). At the wet site, only one sig-
nificant difference between age classes was found; 4 was
slightly higher in mature trees during the morning of
August (Fig. 2). In this site, values of 4 and g were
particularly depressed in September likely due to the low
PAR associated to cloudy conditions.

Respiration rate differed between age classes only at
the wet site in August, when it was 33% higher in
juvenile trees (P = 0.003). During measurements of the
two sampling dates, 7%, T,, and C, were almost identical
between of age classes.

The analysis of gas-exchange measures excluding
possible light-limitations on A (where only data re-
corded at >800 pmol photons m s~' were included)
showed a significant interaction between age class and
site, indicating that trees of different age classes per-
formed differently depending on the site (Table 2,
Fig. 3). Juveniles had higher 4 than mature trees at the
mesic site, while values tended to be similar between age
classes at the wet site. Stomatal conductance was similar
between age classes, and both age classes had greater g
at the wet than at the mesic site (Table 2).

Relationships of 4 with g and C;

At the wet site, A scaled positively with g in both age
classes. Intercepts (i.e., elevations) of the relationship
differed between age classes, meaning that for the same
value of g, mature trees had higher 4. At the mesic site,
A scaled positively with g only in juvenile trees (Fig. 4).

Photosynthesis correlated negatively with C; in both
age-classes and sites, indicating that the lowest values of
A under light saturating conditions were not associated
with limiting CO, intercellular concentrations (Fig. 4).
In the wet site, intercepts of relationships were similar
between age classes. In the mesic site, however, 4 was
higher in juvenile trees when both age-classes were
compared at common values of Cj, indicating higher
biochemical potential to photosynthesis on that age
class.

Discussion

Our study reveals ontogenetic variation in the gas ex-
change of Alnus jorullensis associated to the precipita-
tion regimes of the study sites. Juvenile trees of Alnus

Jjorullensis showed higher photosynthesis than mature

trees, this difference being only evident at the mesic site
(Figs. 2, 3). This pattern was observed even when VPD
was very similar between sites (i.e., September, Figs. 1,
2), suggesting that different soil water content associated
to the precipitation regimes of each site might promote
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the ontogenetic variation in gas exchange. Low PAR in
the afternoon and early morning constrained photo-
synthesis of both mature and juvenile trees. Although in
the daily cycles the lower photosynthesis of mature trees
at the mesic site occurred—in general-—concomitantly
with lower stomatal conductance, the absence of a
relationship between 4 and g and the lower intercept in
the A—C; regression suggest that a lower biochemical
potential—rather than stomatal limitations—Ilimited the
photosynthesis of mature trees in that site (Fig. 4). In
addition, the higher C; of mature trees along with their
lower A, especially in those hours when PAR and g were
similar between ages, supports the occurrence of non-
stomatal limitations to photosynthesis (Fig. 2). The

comparison from pooled data recorded at >800 umol
m~?s™!, clearly indicates as well that stomatal conduc-
tance of mature trees at the mesic site was not the cause
of the lower photosynthesis that they showed comparing
to juvenile trees (Fig. 3). Although we discard stomatal
limitations on the photosynthesis of mature trees, we
cannot make extensive this result for all sizes of mature
trees. Low stomatal conductance in older trees is asso-
ciated to physical impediments imposed by a taller tree
(Ryan and Yoder 1997), but the relationship between
photosynthesis and size may be not linear (Niinemets
2002). In this regard, the tallest trees we sampled were
around 35% shorter than the maximum height of the
species (Nieto and Rodriguez 2003).
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Non-stomatal limitations—such as a decreased
maximum photosynthetic capacity—have been demon-
strated to contribute in the photosynthesis reduction
occurred with the increase of age and size of temperate
species such as Picea rubens (Day et al. 2001), Picea
abies and Pinus sylvestris (Niinemets 2002). In tropical
tree species, however, non-stomatal limitations to

Table 1 Effect of age-class on photosynthetic rate and stomatal
conductance of Alnus jorullensis at a wet and a mesic site of the
Venezuelan Andes, during two sampling dates

Time of the Photosynthesis Stomatal
day conductance
P-value P-value

August

Wet site Morning 0.039 0.623
Noon 0.150 0.899
Afternoon 0.258 0.252

Mesic site Early morning 0.282 0.005
Morning <0.001 0.122
Noon 0.270 0.230
Afternoon 0.109 0.344

September

Wet site Morning 0.095 0.431
Noon 0.950 0.638
Afternoon 0.750 0.667

Mesic site Early morning 0.126 0.251
Morning 0.004 0.004
Noon 0.010 0.005
Afternoon 0.438 0.037

Values shown in the table correspond to P-values. Values lower
than 0.05 indicate a significant effect

Table 2 ANOVA examining effects of age class and site on pho-
tosynthesis and stomatal conductance of Alnus jorullensis at the
Venezuelan Andes

Response variable Effect df F-ratio P-value

Photosynthesis Age class 1 5.96 0.020
Site 1 29.89 <0.001
Age class * site 94 22.29 <0.001

Stomatal conductance  Age class 1 2.35 0.130
Site 1 5522 <0.001
Age class * site 94 1.20 0.28

Only data recorded at PAR levels >800 mol photons m 2 s~

were analyzed

photosynthesis have been found to be actually higher in
younger age classes (Rijkers et al. 2000; Kenzo et al.
2006), though such results were influenced by the per-
vasive closed understory conditions where younger age
classes grow (Thomas and Winner 2002). Our results
were obtained in open forests where there is no shading
effects by canopy trees, suggesting that previous dis-
crepancies in the patterns of photosynthesis along
ontogeny between tropical and temperate species may be
partly reconciled if differences in the light environment
are considered.

At the wet site, photosynthesis during daily cycles
was largely depressed in both age classes (Fig. 2). Al-
though PAR was quite lower than in the mesic site, we
discard that PAR levels during measurements cycles are
related with the depressed photosynthesis at the wet site;
photosynthetic rates of August were similar to those of
September even when PAR levels were extremely lower
at the latter month (Fig. 2). We also discard water deficit
as a cause of the low photosynthesis at the wet site,
because none of the age classes increased their photo-
synthesis in response to increased C; (Fig. 4). Moreover,
climatic analyses for La Culata indicate that humidity at
this site is not limiting, even at the driest period of the
year (Monasterio and Reyes 1980b), which is supported
by our records of VPD (Fig. 1). Other factors associated
with the high and constant humidity might have limited
photosynthesis in the wet site. For example, excessive
humidity and occasional water-logging on the root sys-
tem may promote stomatal closure constraining photo-
synthesis (Ortufio et al. 2006). The positive relationship
between photosynthesis and stomatal conductance at the
wet site (Fig. 4) indicates that low values of photosyn-
thesis occurred along with low stomatal conductance,
supporting water-logging as a possible cause of the de-
pressed photosynthesis of 4. jorullensis at the wet site. In
addition, the slightly lower temperature at the wet site
might have depressed the rates of photosynthesis. Con-
straints imposed by water-logging or temperature
probably hid the higher photosynthetic performance of
juvenile trees evidenced at the mesic site.

In conclusion, this study reveals ontogenetic varia-
tion in photosynthetic rates of Alnus jorullensis. We
found higher photosynthesis in juvenile trees than in
mature ones, though this difference was only evident at
the mesic environment. Thus, the ontogenetic variation

Fig. 3 Mean photosynthetic 7
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Fig. 4 Photosynthesis versus stomatal conductance (a, b) and
intercellular CO, concentration (¢, d) in juvenile and mature trees
of Alnus jorullensis at a wet (La Culata) and a mesic site (San José
de Acequias) in the Venezuelan Andes. a juvenile trees (solid line)
log y = —2.905 + 1.367.log x, R> = 0.416, P = 0.0038; mature
trees (broken line) log y = —1.651 + 0.925.log x, R*> = 0.417,
P = 0.023. Standardized major axes of age classes do not differ
significantly in slope (P = 0.247) nor along the common slope
(P = 0.324), but they do in elevation (P = 0.011). b juvenile trees,
log y = —0.672 + 0.764.logx, R> = 0.382, P = 0.0001; mature
trees, there is no significant relationship between photosynthesis

in photosynthetic rates likely depend on the humidity
condition of the environment, being the soil water con-
tent—rather than VPD—the driving factor. Higher
photosynthesis in juvenile trees appears to be associated
with higher biochemical potential for photosynthesis
rather than to stomatal conductance, which is in line
with other studies on temperate species (Day et al. 2001;
Niinemets 2002).
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