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Leaves can be both a hydraulic bottleneck and a safety valve against hydraulic catastrophic dysfunctions, and thus changes
in traits related to water movement in leaves and associated costs may be critical for the success of plant growth. A 4-year
fertilization experiment with nitrogen (N) and phosphorus (P) addition was done in a semideciduous Atlantic forest in north-
eastern Argentina. Saplings of five dominant canopy species were grown in similar gaps inside the forests (five control and
five N+ P addition plots). Leaf lifespan (LL), leaf mass per unit area (LMA), leaf and stem vulnerability to cavitation, leaf
hydraulic conductance (Kieas area @Nd Kieat mass) @and leaf turgor loss point (TLP) were measured in the five species and in both
treatments. Leaf lifespan tended to decrease with the addition of fertilizers, and LMA was significantly higher in plants with
nutrient addition compared with individuals in control plots. The vulnerability to cavitation of leaves (P50,.) either increased
or decreased with the nutrient treatment depending on the species, but the average P50, did not change with nutrient
addition. The P50,,,; decreased linearly with increasing LMA and LL across species and treatments. These trade-offs have an
important functional significance because more expensive (higher LMA) and less vulnerable leaves (lower P50, are retained
for a longer period of time. Osmotic potentials at TLP and at full turgor became more negative with decreasing P50,
regardless of nutrient treatment. The K,; on a mass basis was negatively correlated with LMA and LL, indicating that there
is a carbon cost associated with increased water transport that is compensated by a longer LL. The vulnerability to cavitation
of stems and leaves were similar, particularly in fertilized plants. Leaves in the species studied may not function as safety
valves at low water potentials to protect the hydraulic pathway from water stress-induced cavitation. The lack of rainfall sea-
sonality in the subtropical forest studied probably does not act as a selective pressure to enhance hydraulic segmentation
between leaves and stems.

Keywords: leaf hydraulic conductance, leaf lifespan, leaf mass per unit area, semideciduous Atlantic Forest, turgor loss
point.

Introduction overall effects of N deposition on the growth, physiology and

chemistry of plants may depend on other factors such as soil
Nitrogen (N) deposition has been predicted to increase over water availability and on the scale of the process observed.
the next century by as much as 250% as a result of global However, the globally increasing trends in intensity and severity
change (Galloway et al. 2004, Lamarque et al. 2005). The of droughts (IPCC 2007) may impair the effects of more
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available N. In this global change context, the morphological
and physiological plasticity of plants in key functional attributes
will determine the species-specific responses to environmental
changes (Nicotra et al. 2010). Investment in carbon and nutri-
ents in leaves have been shown to vary substantially between
species worldwide (Wright et al. 2004). The species-specific
economic spectrum reflects the balance between investments
and returns in nutrients and carbon and should be linked to leaf
hydraulic properties. For example, capturing more soil N and
increasing foliar N concentration should result in photosynthetic
enhancement and fix more carbon at the cost of larger rates of
water loss. Cost and benefits not only involve leaf traits related
to carbon gain but also hydraulic traits in leaves. Nutrients in
tropical soils affect growth and seedling establishment and
shape plant community composition and the distribution of indi-
vidual species (e.g., Fyllas et al. 2009, Patifio et al. 2009,
Condit et al. 2013). Both N and phosphorous (P) possibly co-
limit productivity and growth in tropical soils (Elser et al. 2007,
Vitousek et al. 2010).

During drought, plants can close their stomata to slow down
transpiration and water consumption, while avoiding rapid
declines in plant water potential and the risk of xylem cavitation
as a result of air-seeding or vessel implosion (Zimmermann
1983, Sperry and Tyree 1988, Hacke et al. 2001, Johnson
et al. 2012). Embolisms can lead to vessels becoming com-
pletely dysfunctional, a loss of plant hydraulic conductivity and
ultimately death under extreme water deficits (Tyree and
Sperry 1988, Davis et al. 2002, Engelbrecht et al. 2005).
When comparing different vegetative organs of trees, leaves
appear to be more vulnerable to cavitation than stems (Hao
et al. 2008, Johnson et al. 2011, Bucci et al. 2012, 2013), sug-
gesting that the hydraulic pathway is segmented, which con-
strains cavitation to leaves before the effects of rapid pressure
drops can spread into the stems (Zimmermann 1983, Tyree
and Ewers 1991).

The inter-specific relationships between leaf traits associated
with plant carbon economy and hydraulic architecture have not
yet been well established. Leaf lifespan (LL) is a major trait
related to leaf lifetime carbon gain and its economic return
(Westoby et al. 2000, Falster et al. 2012). Recently, Simonin
et al. (2012) found that LL is negatively correlated with leaf
hydraulic conductance (K., across species. Nardini et al.
(2012a) found a negative correlation between K,; and xylem
resistance to cavitation and leaf mass per unit area (LMA),
suggesting that species with a conservative behaviour in rela-
tion to leaf carbon investment also show a similar strategy in
relation to water transport efficiency and xylem embolism. In
the latter two studies, K, was expressed on a mass basis
(Kieat_mass)» Which provides a better proxy for the efficiency of
the leaf hydraulic system in terms of water supply to the bulk of
leaf tissues or in economic terms to better represent its carbon
costs.

The mechanisms underlying the link between nutrient avail-
ability and plant hydraulics entail the increment in growth and its
effects on the carbon allocation patterns, wood anatomy, water
relations and hydraulic architecture (Goldstein et al. 2013). In a
previous work, we showed that nutrient addition enhances
growth rate, decreases wood density and stem vulnerability to
cavitation of tree saplings growing in gaps of the semideciduous
Atlantic Forest in Northeastern Argentina (Villagra et al. 2013).
In this study, we answer the questions: (i) does leaf hydraulic
vulnerability change in response to increase in nutrient availabil-
ity? (ii) Are stem and leaf hydraulics traits functionally coordi-
nated with each other as well as with leaf economic traits such
as LL and LMA? Removal of nutrient limitations was achieved by
repeated N and P fertilizations. Tree saplings of similar age from
five species growing in fertilized and control (non-fertilized)
gaps were selected for this study. Gaps of similar size were used
to maintain similar solar radiation levels on the study plants.

Materials and methods

Study site, experimental design and species

This study was conducted on field-grown saplings of five spe-
cies common in the semideciduous Atlantic Forest at Iguazu
National Park (25°37’S, 54°20’W), Misiones, Argentina. This for-
est region receives an even distribution of precipitation through-
out the year; with an average annual rainfall of 2000 mm. Soil
water potentials can attain values as low as —2 MPa (Campanello
et al. 2007) during short dry spells. The soils are deep Ultisols
containing high concentrations of Fe, Al and Si (Ligier et al.
1990). The annual mean air temperature is 21 °C, but freezing
temperatures occasionally occur in winter (Ligier et al. 1990,
Gatti et al. 2008). The forest has mature trees ranging from 20
to 45 m in height, and abundant lianas, epiphytes and bamboos
species in the understory. The canopy is mostly dominated by
trees of the genus Cordia L. (Boraginaceae), Ocotea Aubl. and
Nectandra Rol. ex Rottb. (Lauraceae), Parapiptadenia Brenan
and Peltophorum (Bogel) Benth. (Fabaceae), Cedrela P. Browne
and Trichilia P. Browne (Meliaceae), and Plinia L., Eugenia L. and
Myrciaria O. Berg. (Myrtaceae) (Srur et al. 2009). A significant
percentage of the tree species (25-50%) are deciduous (Leite
and Klein 1990). Leaf loss occurs between April and September
depending on the species.

The experiment included one fertilization treatment and a con-
trol with five replicates each in a randomized complete design
(Villagra et al. 2013). Ten permanent 15 X 15-m plots were estab-
lished during 2004 in natural gaps. A 5-m buffer zone was delim-
ited around each plot to minimize edge effects. The treatments
were: control (no fertilizer added) and N+P (100 kg N ha™
year” + 100 kg P ha™" year™). The fertilizers were sprinkled in
granular form on the organic soil surface in three equal doses
during the year from February 2004 to December 2008. The
buffer areas surrounding the plots were also fertilized.
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Before fertilization, N concentration in the top 10 cm of the
control plot soils was 10.5 £ 1.6 ug g~ Kjeldahl extractable N
(Villagra et al. 2013). The concentration of P was not deter-
mined, but we assumed that the P levels in the control plots
were similar before and after the treatment began. After
18 months of nutrient addition there were 12.8 +2.0 ug g™
Kjeldahl extractable N and 3.0+ 0.3 ug g~ Olsen extractable
plant available P. In the N+P treatment the values were
103+ 1.2ugg”' N and 93+£10ugg™ P (Villagra et al.
2013). Foliar N concentration did not change with nutrient
additions, but there was an increase in foliar P concentration
(Montti et al. 2013). Fertilized plants with N+ P had higher
total leaf area than control plants (Montti et al. 2013, Villagra
et al. 2013).

Five common tree species at the site were selected (Table 1).
The species varied in regeneration light requirements and
wood density (Carvalho 2003, Campanello et al. 2011, Villagra
et al. 2013). Seeds were collected between August and
February 2003 from five to 10 parent trees growing at Parque
Nacional Iguazt and were germinated in local topsoil in nurs-
ery flats. When the first set of leaves had expanded, the seed-
lings were transferred to plastic seedling bags filled with local
soil and placed under 80% shade cloth in a nursery. Five- to
10-month-old seedlings were planted in June 2004. Plants
were randomly distributed in the plots spaced 1 m apart each
other along five transects, spanning an area of 5x 15 m.
Between 11 and 15 individuals per species were planted on
each plot. The seedlings of the different species differed in
initial sizes: mean height (cm%1 SE) was 17.8 £ 1.8 for
Balfourodendron riedelianum, 61.4 +6.2 for Cedrela fissilis,
24.3 + 1.6 for Cordia americana, 54.8 * 2.8 for Maclura tincto-
ria and 65.7 £9.8 for Peltophorum dubium. All physiological
measurements were performed during February—March 2009.
Sun-exposed trees (1.70—-6.40 m height) were used to per-
form the measurements.

Stem vulnerability to cavitation

Data for stem vulnerability to cavitation were obtained from a
published study performed on the same field experiment
(Villagra et al. 2013). Briefly, three to five branches per species
(one per plot) were sampled on the control and N+P

Table 1. Family and leaf phenology of the study species.

Species Family Leaf phenology

Balfourodendron riedelianum Rutaceae Brevideciduous

(Engl.) Engl.

Cordia americana (L.) Boraginaceae Evergreen
Maclura tinctoria (L.) Steud. Moraceae Deciduous
ssp. Tinctoria

Cedrela fissilis Vell. Meliaceae Deciduous
Peltophorum dubium Fabaceae Deciduous

(Spreng.) Taub.
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treatments and hydraulic vulnerability curves were generated
using the bench drying method (Sperry et al. 1988). The water
potential at which 50% loss of hydraulic conductivity occurs
(P504em) Was derived from those curves and used as an index
of the resistance to xylem cavitation.

Leaf vulnerability curve

Leaf hydraulic vulnerability curves were developed for each
species by measuring the percentage loss of Kj; from K¢ max
in leaves rehydrated from a range of leaf water potentials
(Wear): The K Was measured by assessing the kinetics of
Yar relaxation upon leaf rehydration (Brodribb and Holbrook
2003). Branches from three individuals of each species per
treatment were cut at predawn and immediately covered by
black plastic bags and transported to the laboratory. The
branches were allowed to desiccate slowly until a wide range
of W+ Wwas obtained. Three adjacent leaves were chosen per
branch. The ¥,.,; of two leaves were determined using a pres-
sure chamber (PMS Instrument Company, Albany, OR, USA).
Leaves with similar values (i.e., if the difference was <0.1 MPa)
were used and the average ¥\.,; was used as the initial data.
The third leaf was then cut under water and allowed to rehy-
drate for a period of 12-15 s depending on the species and the
degree of rehydration (time required for rehydration was previ-
ously determined). The K., was calculated as:

\Ijo/ \Pf
T ’

Kleaf = C\eaf In

where ¥, is initial W\.;s (MPa), ¥ is the final ¥,.,; (MPa), T is the
duration of rehydration (s) and C.y is the leaf capacitance
(mmol m= MPa™).

Leaf capacitance was determined from pressure—volume
relationships. If the initial ¥\, was higher than the turgor loss
point (TLP), then K. was calculated using C., obtained
before the TLP; otherwise C after the TLP was used (Brodribb
and Holbrook 2003). Leaf capacitance was normalized by leaf
area or leaf dry weight as suggested by Nardini et al. (2012b)
and Simonin et al. (2012), thus obtaining Cieu area @aNd Cies mass:
Leaf vulnerability was determined by plotting K.,; against ‘F,.
The water potential at which 50% loss of leaf hydraulic con-
ductance occurs (P50,,) and the K .. were estimated
from a four-parameter logistic function fitted to the data.

Pressure—volume relations

The leaves were cut at predawn at the base of the petiole, re-
cut immediately under water and the entire leaves covered with
black plastic bags with the cut end in water until measurements
began within 2 h. For C. americana small terminal shoots were
sampled because of its reduced leaf petioles, and for species
with large and compound leaves (B. riedelianum, C. fissilis and
P. dubium), leaflets were used to determine water potential with

Tree Physiology Online at http://www.treephys.oxfordjournals.org

€T0Z ‘8z JequanoN uo 1senb Aq /B1o'seulnolployxo'sAydsaly//:dny wouy papeojumoq


http://treephys.oxfordjournals.org/
http://treephys.oxfordjournals.org/

4 Villagra et al.

the pressure chamber (PMS Instrument Company). Immediately
following .., measurement leaves were weighed on a preci-
sion balance (0.001 g). Between readings the leaves were left
to transpire freely for a short period of time. Subsequent mea-
surements of weight and balancing pressure continued until
very negative W+ Then the leaves were oven-dried at 70 °C
for 48 h. Linear and non-linear functions were fitted to the data
at both sides of the TLP. The pressure—volume curves were
generated from five to seven leaves of three to four individuals
per species and treatment and used to estimate the TLP, leaf
osmotic potential at full turgor (7'°°) and C..

Wood saturated water content

Terminal branches were used to measure wood saturated
water content (WSWC). A 2-cm-long stem section was cut, and
both bark and pit were removed from the segment. The sap-
wood was kept in water overnight to saturate the sample. After
the surface was dried with tissue paper, the sample was
weighed to the nearest milligram. Then the sapwood was oven-
dried at 70 °C for 72 h to determine dry mass. Wood saturated
water content was determined as:

SM —-DM

WSWC = DM

where SM is the saturated mass (g) and DM is the dry mass (g).

Leaf mass per unit area and LL

Five fully sun-expanded leaves were collected from five trees
per treatment in plots where hydraulic properties had been
measured. The leaf area was scanned and analysed with Leaf
Area Measurement (V.1.3. copyright 2003, Sheffield University;
www.shef.ac.uk). Leaves were then oven-dried (60 °C), and
their dry weight used to calculate LMA.

Mean LL was obtained from a published study performed on
the same field experiment (Montti et al. 2013) except for C.
fissilis. To assess LL, five leaf buds exposed to full sunlight on
five saplings of each species from all control and N + P plots
were marked at the beginning of the growing season. The leaf
bud represented a cohort of leaves of the same age. Census of
individuals was taken monthly. The Kaplan—Meier product limit
method (Kleinbaum and Klein 2005) was used to estimate
mean LL. The sample sizes for leaf demography ranged from
125 to 285 leaves per species.

Statistical analysis

The InfoStat 2011 statistical software (Di Rienzo et al. 2011)
was used for statistical analysis. Pearson correlations were
used to examine key inter-specific trait relationships. A t-test
for dependent samples was used to test for the treatment
effect on variables on pooled species. Data from vulnerability
curves were analysed with GraphPad Prism version 6.0

software using a sigmoid function and the parameters P50,
and Ky max Obtained for each species were compared
between treatments with the Extra sum-of-squares F test
(GraphPad Software, Inc., San Diego, CA, USA). To compare
LL between treatments, a log-rank test was performed
(Kleinbaum and Klein 2005).

Results

The LMA increased significantly in plants growing with the
addition of N+ P (Table 2). All species increased the LMA at
least 20% with nutrient addition. The mean LL decreased
across all species in fertilized plants compared with control
plants and the difference was marginally significant (Table 2).

The K, of each species decreased as ¥, became more
negative (Figure 1). The K n.x remained relatively constant
despite N + P addition (Table 2). The difference between treat-
ments for K max Was 0.3 mmol m= s~ MPa™' for M. tinctoria
and 3 mmol m=2 s~ MPa™" for C. fissilis (Figure 1 and Table 2).
There was no difference in K .. between control and N +P
treatments within each species. The K, values corresponding
to the TLP ranged between 13 and 65% of K., .y (inferred
from vulnerability curves, Figure 1). The average P50, across
all species did not vary between control and N + P treatments
(Table 2). Three species increased their P50, and became
more vulnerable to drought-induced embolisms with N + P fertil-
ization (B. riedelianum, C. fissilis and M. tinctoria), while the other
two species decreased their P50, (C. americana and P.
dubium). No statistical differences were found for C. fissilis
(Figure 1 and Table 2).

There was no significant relationship between P50, and
P50, across species and treatments (rpeyson = 0.36,
P =0.30), although P50, of fertilized plants were similar to
P504m indicating that stems and leaves of fertilized plant
were equally vulnerable to cavitation (Figure 2). The largest
species-specific difference between P50, and P50, was
found in B. riedelianum growing in control plots (1.06 MPa).
The only species that had slightly higher vulnerability in the
leaves than in the stems was M. tinctoria in the N + P treatment
(Figure 2).

Both LL and LMA were negatively correlated with P50,.,¢
that is, both leaf traits decreased when leaves became more
vulnerable to cavitation (less negative P50,.,) (Figure 3a and c,
Table 3). A single linear relationship was fitted to all species
and treatments, suggesting that P50,.,; was related to leaf car-
bon economy. The K., mass decreased with increasing LL and
LMA across the species regardless of treatments (Figure 3b
and d, Table 2). The K., on leaf area basis was not significantly
correlated either with LL or LMA or P50,,; nevertheless,
Kieat area Was positively correlated with WSWC (Table 3).

The WSWC increased linearly with decreasing wood density
(Fpearson = —0.83, P <0.005, data not shown). The WSWC
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Table 2. Leaf functional traits for the studied species in the control (C) and N + P plots. Units: LMA (g m=), mean LL (days), P50,.,; (MPa), Kict max

(mmol m= s~" MPa™).

LMA LL P5oleaf K\eafﬁmax
Mean SE Mean SE Mean SE Mean SE
B. riedelianum
C 53.1 2.3 183 4 -2.19 0.09 3.6 0.2
N+P 74.2 3.1 167 4 -1.86 0.04 2.8 041
C. americana
C 56.9 1.4 213 4 -1.63 0.03 6.4 0.3
N+ P 83.0 3.7 207 3 -2.04 0.05 5.6 0.2
M. tinctoria
C 41,7 0.6 126 3 -1.61 0.05 2.6 041
N+ P 50.6 0.9 116 3 -1.34 0.04 2.9 0.2
C. fissilis
C 32.0 0.5 136 19 -1.70 017 5.1 0.6
N+P 40.6 1.3 92 18 -1.28 0.30 8.1 1.9
P. dubium
C 30.5 1.0 146 5 -0.94 0.10 2.3 0.3
N+P 46.8 1.3 133 6 -1.37 0.03 3.2 041
T —4.91 —-2.63 -0.19 -0.74
P 0.0080 0.0579 0.8573 0.4994

Means * SE are shown. SE for P50, and for Kje.¢ ma, Were derived from vulnerability curves. Results of a paired t-test are also shown.

was asymptotically related to the TLP and linearly related to
Kleat_mass across species and treatments (Figure 4). Thus, spe-
cies with higher WSWC lost turgor at higher (less negative)
Wiearr The P50,csr and Kieat mass
correlated to the TLP, respectively (Figure 5, Table 3). Species
with the highest TLP exhibited higher P50, and Kiest mass: The
Kleat mass Was also positively correlated to the osmotic potential
at full turgor across species (Figure 5b inset).

were linearly and exponentially

Discussion

Traits related to leaf carbon economy in the studied species
changed with the removal of nutrient limitations. The mean LL
in the studied species tended to decrease and the LMA was
significantly higher in plants with nutrient addition compared
with individuals in control plots. The P50, either increased or
decreased with the nutrient treatment depending on the spe-
cies, but the average P50, did not change with nutrient addi-
tion. Similar lack of response to fertilization was observed for

Kleaffmax'

Hydraulic segmentation

The vulnerability of stems and leaves were similar, suggesting
that leaves do not act as safety valves at low water potentials
to protect the hydraulic pathway from water stress-induced
cavitation. The lack of rainfall seasonality in the subtropical for-
est studied probably is not a selective pressure to enhance
hydraulic segmentation between leaves and stems. All species
in fertilized plots were at or very near to the 1: 1 linear rela-
tionship between P50, and P50, indicating that leaves

and stems are equally vulnerable to cavitation. Comparative
studies of the vulnerability to cavitation of stems and leaves in
ecosystems with strong seasonality in precipitation show that
leaves are more vulnerable than stems (Hao et al. 2008, Zhang
and Cao 2009, Chen et al. 2010, Johnson et al. 2011, Bucci
et al. 2012, 2013). Less expensive tissues, such as leaves, can
be discarded or shaded to prevent water loss and to maintain
the functionality of the stems (Johnson et al. 2011, Bucci et al.
2012).

At the study site, drought periods are short and unpredict-
able; thus stems might be rarely affected by embolisms
caused by drought. However, in a recent study, dead branches
were observed for some species after an infrequent dry spell
in the Iguazu National Park during the summer of 2012. Most
of the study species were deciduous or brevideciduous (only
C. americana was evergreen). Deciduousness is a strategy of
plants to avoid drought or freezing temperatures; conse-
quently, it may not be necessary to invest in traits that increase
resistance to cavitation in leaves. Deciduous species in this
study had higher P50,.,; (most vulnerable) than the evergreen
and the brevideciduous species. Thus the dynamics of leaf
production may play an important role in determining the
hydraulic architecture of the species in the semideciduous
Atlantic Forest.

Some components of the water transport system of plants,
e.g., the stems and leaves, serve as transient sources of water
for leaf transpiration (Meinzer et al. 2001). For example, the
stem water reservoirs help to maintain the efficiency of the
transport system and to reduce daily and seasonal fluctuations
in Wy (Goldstein et al. 1998, Scholz et al. 2007, 2012,
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Figure 1. Leaf hydraulic conductance on a leaf area basis (Kies .ea) @S @ function of .. for the study species in control plots (right panels) and
N+ P plots (left panels). Each point represents the average K, from two leaves of a single branch. A sigmoid function was fitted to the data
(P<0.05 in all cases). The Y., at which 50% loss of K., occurs is indicated as P50, and the W, at the TLP is indicated as TLP. Dashed vertical
lines represent the TLP. The P values are from an Extra sum-of-squares F test evaluating significant differences of P50 for each species between
control and N + P plots.
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Figure 2. Relationship between the water potential at which 50%
loss of hydraulic conductivity occurs in stems (P50,,.,) and leaves
(P50,) for the five species studied in control plots (open symbols)
and N + P plots (filled symbols). Each point represents mean values
(£ SE) for single species in each fertilization treatment. The SE were
obtained from the vulnerability curves. The line is the 1:1 relationship
between P50, and P50, Br, B. riedelianum; Ca, Co. americana;
Mt, M. tinctoria; Cf, C. fissilis; Pd, P. dubium.
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Meinzer et al. 2008, Zhang et al. 2013). However, in leaves,
water stored in the epidermis, mesophyll, and in specialized
cells or in the extracellular mucilage (Sack et al. 2003) contrib-
utes only to a small fraction of the daily transpiration and does
not seem to help maintain the water balance of a plant (Scholz
et al. 2011). In this study, we observed that species with higher
WSWC had a higher water transport efficiency and TLP. These
results suggest that water stored in the stems may buffer daily
fluctuations in plant water status and extend carbon gain on a
daily basis. Although the saturated water content of a tissue
cannot be considered as equivalent to its capacitance, a mea-
sure of the ability to release water to the xylem in response to
variations in water status (Scholz et al. 2011), both variables
are positively correlated (Scholz et al. 2007). Pineda-Garcia
et al. (2013) suggested that sapwood water reserves have a
high adaptive value during the initial stages of plant develop-
ment, since the ability of roots to obtain water can be limited.

Leaf economy and hydraulic traits

Leaf economy was related to leaf hydraulic traits, as described
by the negative relationships observed between LL, LMA and
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Figure 3. Relationships between P50, and (a) mean LL and (b) LMA, as well as between K., mass @nd (c) LL (c) and LMA (d) for five species
studied in control plots (open symbols) and N + P plots (filled symbols). Each symbol represents mean values (+ SE) for single species. Species
symbols are as in Figure 2. The solid lines represent the regressions fitted to the data: (a) y =48-65x; (b) y=188-0.05x; (c) y =4-29x; and

(d) y =71 x exp (~0.0005x).
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Table 3. A Pearson correlation matrix showing r values for correlations between WSWC, 1'%, K¢ .ca OF Kieat mass Piear P5Ojean LMA and mean LL.

wswe TLP nWOO K\eaﬁarea K\eaf,mass PSO\eaf
TLP 0.75*
n100 0.76* 1.00*
K\eafﬁarea 070* 039*
K\eaf_mass 094* 080* 081* 054
P50,c.¢ 0.30 0.76* 0.75* -0.09 0.49
LMA -0.49 -0.67* -0.67* 0.08 —-0.63* -0.65*
LL -0.42 —-0.55 -0.55* 0.05 -0.68* -0.62*
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Figure 4. Relationships between WSWC and (a) the ., at the TLP, and
(b) Kieas_mass for five species studied in control plots (open symbols) and
N+P plots (filled symbols). Each symbol represents mean values
(£ SE) for single species. Species symbols are as in Figure 2. The
solid lines represent: (a) an hyperbola function fitted to the data,
y=-0.59 xx/(-101 +x); (b) the linear regression fitted to the data
y=-24+19x.

P50,e.1, as well as Ky mass: These results suggest that species
with less vulnerable leaves have associated a higher carbon
investment, thus implying a higher cost for supplying water
to leaves (leaves more resistant to cavitation and with lower
Kieat mass)- FUNctional relationships between some of the study
traits were not affected by fertilization. Research examining leaf
hydraulic and leaf economic traits has shown contrasting

-24 22 20 -18 -16 -14 -12 -1.0

Turgor loss point (MPa)

Figure 5. Relationships between the . at the TLP and (a) P50,..,
(b) Kiear mass for five species studied in control plots (open symbols)
and N + P plots (filled symbols). Each symbol represents mean values
(£ SE) for single species. In the inset, the relationship between the
7% and the Kiest mass IS Shown. Species symbols are as in Figure 2.
The solid lines represent: (a) the linear regression fitted to the data,
y=-0.41+0.71x; (b) the exponential growth function fitted to the
data y = 36,403 x 14*. In the inset, the solid line represents the expo-
nential growth function fitted to the data y = 40,155 x 27*,

results; some studies found significant correlations between
Kiear P50,cos and LMA (Nardini et al. 2012a, Simonin et al. 2012),
while other studies failed to reveal such relationships (Tyree
et al. 1999, Sack et al. 2003, Blackman et al. 2010, Bucci et al.
2013). Also, no trade-off was found between K ..., and P50
in other studies (Sack and Holbrook 2006, Blackman et al.
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2010, Scoffoni et al. 2011, Nardini et al. 2012a). The primary
focus of most of these studies has been to examine the relation
of leaf economic traits with the Kio; ear rather than Ky mass: AS
such, some of the reported results may have been biased to
processes occurring at the leaf-atmosphere interface and not in
the whole leaf tissues as suggested by Nardini et al. (2012a).
Recently, other studies found that K., ..ss Was negatively cor-
related with LL or LMA, while K¢ 4en Was not (Nardini et al.
2012a, Simonin et al. 2012). In our study we extend these func-
tional patterns to subtropical tree species. Despite the narrow
range of LL across the study species, negative correlations
were found not only between K ..y LL and LMA, but also
between LL and P50, and between Ky nass and P50,
These trade-offs have a large functional significance because a
plant with more expensive and less vulnerable leaves retains
them for a longer period of time.

We found a linear relationship between K, masey 1LP and
n100 for the species studied. The species with a low TLP (more
negative) have lower supply of water to leaf tissues (Iow Kieyt ass)
and are more resistant to drought-induced cavitation. Alternatively,
a high water transport efficiency (Kies mass) May allow for suffi-
cient acquisition of water for tree species, preventing the drop
in the Y, and avoiding embolisms, while keeping stomata
open and thus preventing carbon assimilation to decrease. A
slow-growing species, B. riedelianum, had the lowest values of
P50, and TLP, while C. fissilis and P. dubium, both fast-growing
species, had the highest ones. The latter two species are com-
mon in forest gaps, where water availability is commonly higher
than under a closed canopy (Ashton 1992, Camargo and Kapos
1995).

Conclusions

There were no consistent differences in leaf hydraulic traits
between control and fertilized plants, suggesting that leaf
hydraulics is not critical in the adaptation of these species to
environments with different soil nutrient availability. However,
the fertilization treatment affected traits related to the leaf eco-
nomic spectrum such as LL and LMA, which were correlated
with leaf hydraulic traits. The Kiei mass
with LMA and LL, indicating that there is a carbon cost associ-
ated to increased water transport that is compensated by a lon-
ger LL. Contrary to our expectations, the leaves of the studied
species do not act as safety valves of the hydraulic system.
Hydraulic segmentation does not seem to be an adaptation for
mitigating the effects of short dry periods in the studied plants.

was negatively correlated
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