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Patterns of resource use efficiency (RUE) in relation to intra-specific competition, size of the trees and
resource availability are under debate. Also, the relationship between RUE and growth efficiency (GE)
seems to be different depending on the genera studied. We test the following hypotheses: (1) RUE of
the stand decreases after canopy closure mainly due to the decrease in RUE of the suppressed trees, (2)
RUE increases with the availability of resources and/or stand productivity and, (3) the efficiency of use
of water, light and nitrogen are positively correlated each other, and are not correlated with GE. We mea-
sured or estimated at tree and plot level, the concentration of '3C in wood as a proxy of intrinsic water use
efficiency (iWUE), nitrogen productivity (NP), light use efficiency (LUE) and GE in Pinus ponderosa trees
growing in two sites in Patagonia, South-America. Within each site, we studied plots with contrasting
intra-specific competition due to different plantation density. A decrease in NP and GE at plot level fol-
lowed canopy closure, with no decrease in LUE or iWUE. In contrast to Hypothesis 1, the decrease in
RUE of a stand, when it was observed, was due to a decrease in the efficiency of resource use of the dom-
inant trees. The suppressed trees seem to always have low RUE, independently of canopy closure of the
stand. The trend of a positive relation of RUE and resource availability is rather weak as a generalization
(in contrast to Hypothesis 2), but it depends on the resource which use efficiency is analyzed. At plot level,
NP, iWUE and GE did not present a correlation with stand productivity. Considering iWUE, no positive cor-
relation was observed with tree size, which contrasts with previous findings. On the other hand, clear and
positive relationships were observed between GE and NP with tree growth, supporting the hypothesis of
higher RUE in those trees which are growing faster within the stand, which in turn are those which are
surely accessing to more resources (soil resources and radiation). The third hypothesis stated in this study
was not supported by our results. The only significant correlation was that observed between NP and GE,
with no correlation at all between iWUE and the other resources use or growth efficiency.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

resource use (Binkley et al., 2004; Gyenge et al., 2008) which is re-
lated to the access to a higher resource availability (Stape et al.,

Trees exhibit changes in their resource use efficiency (RUE) dur-
ing their ontogeny, which are also modulated by resources avail-
abilities mediated by the site characteristics (physical
environment) and biotic interactions such as intra-specific compe-
tition (Stape et al., 2004; Gyenge et al., 2008; Forrester et al.,
2012a,b). By definition RUE is a key component for understanding
forest (or other ecosystems) productivity because it quantifies the
conversion of captured resources into biomass. Due to changes in
resources availabilities, the efficiency of resource use can change
across environmental gradients and silvicultural treatments
(Binkley et al., 2004).

Some studies have found evidence supporting the idea that
resource use efficiency increases as forests increase the rate of
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2004; Fernandez and Gyenge, 2009). As a consequence, higher
resource availability would result in higher productivity and also
in a better (more efficient) conversion of available resources into
plant biomass. Stape et al. (2004) found that increased productivity
of Eucalyptus plantations in Brazil is associated to the simultaneous
increases in the use of all main resources (light, water and nitro-
gen), and that these RUE are also correlated to growth efficiency
(GE). This is the amount of biomass produced per unit leaf area
(or biomass) of the tree/stand (Waring et al., 1980). Other studies
have also documented that GE is correlated with the efficiency of
use of different resources (Ryan and Waring, 1992; Binkley et al.,
2002; Allen et al., 2005), however, it seems that this is not a univer-
sal pattern since a study in ponderosa pine did not find a correla-
tion between GE and WUE (Fernandez and Gyenge, 2009).

On the other hand, RUE differences between different size trees
of a stand may be a cause (Fernandez Tschieder et al., 2012) or a
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consequence (Binkley, 2004) of dominance patterns along stand
development (sensu Binkley et al., 2002), and it has been proposed
that a high differentiation in RUE between trees of a stand - which
is related to higher dominance-may be the responsible of stand
growth decrease when canopy closures (Binkley et al., 2002; Bink-
ley, 2004). This hypothesis emerged from studies in fast growing
Eucalyptus stands, in which larger-dominant trees presented much
higher RUE and relative growth than smaller-suppressed trees of
the stand after canopy closure. However, other studies in Pinus
species stands have demonstrated that stand growth declines even
with very low levels of growth dominance (Fernandez Tschieder
et al.,, 2012). Moreover, even when growth dominance was low,
WUE differentiation was large between different size trees of a
ponderosa pine stand (Fernandez and Gyenge, 2009). It is now
clear that large differences in dominance patterns do exist between
Eucalyptus and Pinus species (see Fernandez et al., 2011), at least
from the very few studies in which this process has been docu-
mented. And even less are the antecedents from other species
and genus. From this background, it appears that in Pinus spp spe-
cies GE is a more related variable to dominance patterns than RUE,
which suggests that there is no a clear correlation of both types of
efficiencies. At our knowledge, the only study which simulta-
neously estimated stand productivity, canopy closure, growth
dominance and GE differentiation in a Pinus species was the study
by Fernandez Tschieder et al. (2012). However, those authors did
not include RUE determinations nor considered the variation in re-
source availability. In spite of there are several studies in which at
least three of these factors were analyzed in other genera, such as
Eucalypts (Stape et al., 2004; Forrester et al., 2012a,b), there is still a
gap in our knowledge about RUE and GE differences in different
size trees of a stand, and how they are related to general resource
availability (determined by site quality and competition), particu-
larly in Pinus spp, as well as in most of other genera.

In order to provide evidence to increase our understanding of
RUE and GE influences on stand development and how resources
availability modulates those relationships, we analyzed several
variables related to the efficiency of use of nitrogen, light and
water, as well as the GE, of different size trees of ponderosa pine
stands differing in intra-specific competition level (plantation den-
sity, thinning treatments) located in two sites of different general
“site quality” in terms of forestry production. We tried to test the
following hypotheses: (1) RUE of the stand decreases after canopy
closure mainly due to the decrease in RUE of the suppressed trees,
(2) RUE increases with the availability of resources and/or stand
productivity and, (3) the efficiency of use of water, light and nitro-
gen are positively correlated between them, and are not correlated
with GE.

2. Materials and methods
2.1. Study area and plots characterization

The study was carried out in Pinus ponderosa stands planted in
two sites, Arroyo del Medio (AM, 41°13'53"S, 71°1140"W;
1000 m.o.s..) and Meliquina Valley (MV, 40°30'S, 71°10'W;
900 m.o.s.l.) in NW Patagonia, Argentina, South-America. The cli-
mate of the region is characterized by humid and cold winters
and dry and hot summers (with approximately 80% of the annual
precipitation registered as rain or snow during autumn, winter
and early spring). Both sites showed similar general climatic condi-
tions, but soil depth and texture differ between sites (Table 1),
leading to different water holding capacity and soil water deficit
levels. AM soil presents a clay pan at approximately 80 cm depth
that impedes root growth at deeper soil layers (Table 1). In con-
trast, soil in MV site is deeper, with more than 2 m depth for roots

exploration. In this regard, Licata et al. (2008) estimated that more
than 20% of the water used by P. ponderosa in MV site was ex-
tracted by deep roots below 1.8 m. According to differences in soil
water holding capacity and mean annual precipitation (a difference
of about 150 mm per year) between sites, previous studies demon-
strated that P. ponderosa trees in AM suffer water stress during
summer (reaching pre-dawn water potential around -2 MPa;
Gyenge et al., 2012), meanwhile in MV site predawn water poten-
tial never reaches values down to —1.5 MPa (Gyenge, 2005).

We installed three plots in each of two stands within each site.
The size of each plot depended on tree density, and contained at
least 15 trees. The stands differed in plantation density and degree
of canopy closure due to the different number of trees per unit area
and not due to differences in stand age. Stand structure and other
sampling (see below) were carried out in winter 2009. High plan-
tation density plots represent forests with full canopy closure
(plots numbered #1 to #3 in each site) whereas low plantation
density plots (numbered #4 to #6) represent forests without can-
opy closure (Table 2). Each tree was numbered and mapped, and its
diameter at breast high (dbh, cm), diameter at the base of the living
crown (dblc, cm) and height (H, m) were measured with a diameter
tape and a clinometer.

Reineke stand density index (SDI) was estimated for each plot in
order to explore the relationship between RUE and the degree of
intra-specific competition. SDI was defined as the equivalent trees
per hectare at a quadratic mean diameter (Dg) of 25 cm and a slope
of —1.7653 (which represents the maximum density expected for
any particular stand diameter computed for ponderosa pine stands
in western United States; Cochran, 1992; also see Zhang et al.,
2013):

SDI = trees ha' (Dg 25°1)" "

Four hemispheric images were taken in each plot in order to
estimate its leaf area index (LAI, m? m~2) and the intercepted radi-
ation (see below). Each image was analyzed using Gap Light Ana-
lyzer (GLA) ©.2.0 software (Frazer et al., 1999).

Soil nitrogen content (%3N dry weight) was estimated from three
soil samples taken at 10 and 50 cm soil depth in each plot (Table 2).

2.2. Resource use efficiency estimation

We determined the relative concentration of the rare isotope
13C (83C, %0) as a proxy of intrinsic water use efficiency (iWUE)
of the trees. The samples were obtained from the last three growth
rings (both late- and earlywood, seasons 2006-2007 to 2008-
2009) of the three biggest and two smallest trees of each plot
and in the trees #2, #4, #6 (the number was randomly assigned
to each tree, n =8 trees per plot). The samples were analyzed in
an isotope ratio mass spectrometer (Finnigan MAT Delta S, USA)
following the methodology of Hoefs and Schidlowski (1967) and
Panarello (1987) in the Institute of Geochronology and Isotopic
Geology (Instituto de Geocronologia y Geologia Isotépica, INGEIS,
CONICET-University of Buenos Aires, Argentina).

Annual aboveground productivity was estimated as the differ-
ence in biomass estimated from the dbh in successive years.
Aboveground biomass (gr) of each tree (and then scaled to the plot)
was estimated from dbh following Laclau (2003)’s formulas devel-
oped for Patagonian ponderosa pine plantations covering site con-
ditions included in this study:Stem =93.648 dbh?!®Branch =
59.769 dbh!#12Foliage = 481.59 dbh'?%?

Stem diameter annual growth rate was estimated from the
average growth ring width produced in the last three seasons mea-
sured in the trees in which 5'3C was also measured (8 trees per
plot). After that, we estimated annual growth of the trees in the



Table 1

J. Gyenge, MLE. Ferndndez/Forest Ecology and Management 312 (2014) 231-238

233

Climatic and soil characteristics (average * S.D.) of Arroyo del Medio (AM, 41°13'53"S, 71°1140"W) and Meliquina Valley (MV, 40°30'S, 71°10'W). Climatic data of AM correspond

to the period 1981-2006, and those of MV correspond to the period 1978-1999.

Sites AM MV
Mean annual precipitation (mm) 840 £ 195 684 + 283
Mean annual temperature (°C) 84+40 10.6+1.5
Mean maximum temperature (°C) 13550 17.1+£0.5
Mean minimum temperature (°C) 3.2+32 4+21
Soil depth (m) <0.80 >2

Soil texture

Water holding capacity (mm)

Sandy loam with 6% clay, 35% silt and 59% sand

263.1 (up to 0.80 cm depth)

Silty clay loam with 27-40% loam and 20% clay
202 (up to 0.80 cm depth) 382 (up to 150 cm depth)

Table 2

Tree density (trees ha™'), basal area (m? ha™!), average (+standard deviation, SD) of the diameter at breast height (dbh, cm), tree height (H, m) and nitrogen soil content (%N) of
the six plots (#1 to #6) of Pinus ponderosa established in stands located in Arroyo del Medio (AM) and Meliquina Valley (MV) in NW Patagonia, Argentina. Different letters indicate
significant differences between plots in each site.

Plot Tree density Basal area dbh H %N

AM#1 1333 82.69 27.8(4.1)B 13.36 (1.49) A 0.16 (0.02)ABC
AM#2 2188 85.36 21.7(5.1)C 13.31 (2.79) A 0.15 (0.02) BC
AM#3 2200 89.51 22.1(5.6)C 12.40 (0.69) A 0.12 (0.04) C
Avg. (SD) 1907 (497) 85.9 (3.4) 13.0 (0.5)

AM#4 798 53.11 28.6 (5.5) AB 13.07 (1.82) A 0.17 (0.02)AB
AM#5 519 41.11 30.8 (7.9) AB 12.84 (1.50) A 0.16 (0.02)A
AM#6 661 66.04 35.1(6.5)A 12.19 (2.13) A 0.20 (0.02)A
Avg. (SD) 659 (140) 53.4 (12.0) 12.7 (0.5)

MV#1 1050 65.40 26.4(9.8) b 13.53 (3.46) a 0.08 (0.03) bc
MV#2 1178 74.20 26.5(104) b 14.02 (3.18) a 0.08 (0.01) ¢
MV#3 1210 83.43 28.4(8.7)b 14.43 (2.81) a 0.08 (0.02) bc
Avg. (SD) 1146 (84) 74.3 (9.0) 14.0 (0.5)

MV#4 284 33.62 38.7(3.5)a 15.71 (1.75) a 0.14 (0.03)a
MV#5 351 33.40 34.3 (6.2) ab 14.04 (2.38) a 0.10 (0.01)abc
MV#6 320 32.06 35.6(3.2) ab 14.14 (1.12) a 0.12 (0.02)ab
Avg. (SD) 318 (34) 33.0 (0.8) 14.7 (0.9)

plots based on the dbh distribution using the values obtained in
the measured trees. Ring width was measured with a caliper.

Individual tree and plot growth efficiency (GEt and GEp, respec-
tively) were estimated from stem biomass increment and leaf bio-
mass of the measured trees and then scaled to the plot from the
dbh distribution of all trees.

Nitrogen productivity (NP) at the tree and the plot level (NPt
and NPp, respectively) was calculated as the ratio between above-
ground biomass productivity (differences in aboveground biomass
between successive years) and N content in the aboveground bio-
mass at the end of the growing period (Finzi et al., 2007). Biomass
nitrogen content (%N dry mass) was estimated in three trees per
plot (trees #2, #4, #6). For each tree and for each tissue (leaves,
cork and wood) we formed a composite sample from samples ta-
ken at several tree heights or canopy positions. In the present study
NP is considered as a conservative proxy of NUE. NUE is the prod-
uct of NP and mean residence time (MRT) of N in the tissues (e.g.
Aerts and Chapin, 1999; Finzi et al., 2007). Several studies have
indicated that PN and MRT display opposite trends (Aerts and Cha-
pin, 1999), resulting in similar NUE even when PN differs between
species or environmental conditions. However, in our study case, a
longer needle retention of at least two more years, has being ob-
served in pines growing in AM at low plantation density than those
at high density (authorS unpublished data), suggesting a higher
MRT in open canopy plots. According to this, P. ponderosa growing
at higher plantation density showed a net decrease in leaf area
after a marked drought season whereas trees growing at low den-
sity presented a net increase in leaf area (Gyenge et al., 2012). Aerts
and Chapin (1999) also indicated that MRT depends on leaf life-
span divided by the resorption efficiency, which in the case of P.
ponderosa trees growing in Patagonia presents very low variation
across a wide range of ecological conditions (Araujo, 2006). Thus,

MRT directly depends on leaf lifespan. All these observations allow
us to propose a lower MRT in P. ponderosa growing at high planta-
tion density than in open canopy stands, suggesting that PN and
NUE in our study case are positively correlated.

Light use efficiency (LUE) at the plot level was estimated from
the estimated aboveground biomass productivity and the absorbed
photosynthetic active radiation (APAR). APAR was calculated from
the total radiation incident on a tilted or horizontal surface when
there is blockage of light from the surrounding topography and
overlying forest canopy estimated using Gap Light Analyzer
(GLA) 2.2.0 for each photography (Frazer et al., 1999) Incident
PAR during the main growing season for the pines in the study re-
gion (September 2008 to April 2009; Fernandez et al., 2012) was
measured with a LICOR L1190 sensor of an automatic weather sta-
tion installed in an open area next to the AM plantation.

3. Results
3.1. N availability and stands productivity

On average, considering the upper soil layers, soil N was higher
in AM than in MV (around 0.16 and 0.10, respectively; Table 2)
indicating a higher fertility in AM site. However, irrespective of
the site the low plantation density (open canopy) plots showed a
higher amount of soil N than the high density (close canopy) plots,
with higher differences between plots in MV than in AM (Table 2).
The %N in leaf, cork and wood were similar in trees growing at dif-
ferent plantation densities within each site. Only leaf and wood N
content was significantly different between sites, being higher in
AM than in MV trees (1.03+£0.11% and 0.96 + 0.09% for leaves
and 0.08 £ 0.02% and 0.06 + 0.01% for wood in AM and MV site,
respectively).
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High plantation density plots had 2.9 and 3.6 times more trees
per unit area, and 1.6 and 2.3 times more basal area than the low
plantation density plots in AM and MV, respectively (Table 2). Tree
height was similar between plots in each site but mean dbh was
around 8 cm higher in trees growing at low than at high density
plots in both sites (Table 2). Trees in the high density plots of both
sites were closed to the maximum value of Dg estimated for P. pon-
derosa in N.W. Patagonia (stand density index, SDI, around 2000,
Letourneau F, INTA EEA Bariloche, pers. comm., Fig. 1A). In this re-
gard, SDI of plots AM#2 and #3 were around 1790 and 1870,
respectively (Fig. 1A). The LAI of all AM plots was very similar,
however, the high density plots in MV showed higher LAI than
low density plots in the same site (Fig. 1B).

Annual aboveground productivity of the plots was statistically
similar between plantation densities and sites (P =0.092), with a
trend of a higher productivity in high density plots within each
site. As expected, average annual aboveground production of each
individual tree followed the opposite pattern. Trees growing at
lower densities showed a higher annual growth than trees at high-
er densities (around 14 and 5.6 kg tree ! y~!, respectively; P = 0.02,
Fig. 1C).

3.2. RUE patterns at tree level

Two way ANOVA applied to wood 5'3C data of each site (factors
were plantation density and relative size of the trees) showed sig-
nificant differences between tree sizes (the smallest and the largest
trees of each plot) in both sites, but only a significant difference
was observed comparing plantation densities in MV (also the inter-
action density x size was significant at this site) (Fig. 2). In both
sites, the smallest trees in the high density plots showed more neg-
ative values of 8'3C than trees growing at low density plots (Fig. 2).
The lowest 5'3C was observed in the smallest trees of the high den-
sity plots in MV.

A positive relationship between NPt and GEt with tree size
(dbh) was found in both sites (Fig. 3). However, trees with higher
dbh in low density plots (plots #4 to #6) showed higher values
of both NPt and GEt than trees of similar size growing at high den-
sity plots (Fig. 3). In the particular case of AM plots, the smallest
trees of both density plots showed similar NPt and GEt. On the
other hand, similar NPt and GEt were found comparing trees grow-
ing at similar density comparing both sites (Fig. 3).

3.3. RUE patterns at plot level

At the plot level, mean §'3C of wood was similar between plots
with different plantation density or with different soil N (P > 0.05,
Fig. 4 A and E). Across both studied sites, the relationship between

Meliquina Valley Arroyo del Medio
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Fig. 2. Relationship between §'3C in wood rings of the biggest and smallest trees of
Pinus ponderosa growing in Meliquina Valley and Arroyo del Medio sites (NW
Patagonia, Argentina) at two plantation densities.

NPp and GEp with SDI was negative (P =0.022 and 0.006, respec-
tively, Fig. 4 B and C). In contrast, no relationship was found be-
tween LUEp and SDI, but different trajectories were observed
between sites, with higher LUE values in AM than in MV
(mean £ SD: 2.3 +0.8 and 0.9 0.2, respectively; Fig. 4 D). On the
other hand, the linear relationship between NPp and GEp with soil
N was positive with similar slopes but different intercepts between
sites. The lower intercept was observed in AM, the more fertile site
(Fig. 4 F and G). A non significant relationship was observed be-
tween LUEp and soil N within each site, but a positive relationship
was found when all data-both sites-were analyzed together (Fig. 4
H).

Considering all studied plots, annual aboveground production
only presented a significant and positive relationship with LUE
(r* = 0.806, p < 0.001). No relationship was found between above-
ground annual productivity and §'3C, NPp or GEp (data not shown).

3.4. Correlation between use efficiency of different resources

In contrast to our hypothesis about the correlation between the
efficiency of use of the different resources, and the absence of cor-
relation between RUE and GE, we found no correlation between
plots efficiencies of the different resources (the different combina-
tions between LUE, iWUE and NP) (Pearson product moment corre-
lation, P > 0.05), and a highly positive correlation between GEp and
NPp (P <0.001, r=0.982). As was expected no correlation was ob-
served between GEp and §'3C and LUE.
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Fig. 1. Relationship between mean quadratic diameter (Dg, cm, A), leaf area index (LAI, m? m~2, B) and average annual aboveground productivity (kg tree ! y~!, C) with tree
density of six plots of Pinus ponderosa growing in Meliquina Valley (MV) and Arroyo del Medio (AM) sites, N.W. Patagonia, Argentina. The line in panel A corresponds to the
maximum value of Dg for each density based on a SDI = 2000 (Letourneau F, pers. comm.). Parameters of plots AM#1, #2 and #3, which are the plots closer to that line, are

shown in Table 2.
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Fig. 3. Relationship between nitrogen use efficiency at the tree level (NPt) and growth efficiency at the tree level (GEt) with diameter at breast height (dbh) of P. ponderosa
trees growing in Meliquina Valley (MV, panel A and B) and Arroyo del Medio (AM, panel C and D), NW Patagonia, Argentina. Each symbol represent a tree growing at high

(plots #1 to #3) and low (#4 to #6) tree density plots.

4. Discusion

Our research was driven by three hypotheses: (1) RUE of the
plot decreases after canopy closure, and this is mainly due to the
decrease in RUE of suppressed trees, (2) RUE increases with the
availability of resources and/or productivity and, (3) RUE of water,
light and nitrogen are positively correlated between them, and
they are not necessarily correlated with GE. We will discuss below
our results at the light of these three hypotheses trying to under-
stand how the efficiency of use of the different resources by the dif-
ferent trees of a stand (different size, different dominance position)
may be linked to stand productivity patterns.

Hypothesis 1. RUE and canopy closure.

Different patterns of RUE in relation to canopy closure, in our
study represented by high vs low density plots, were observed
depending on the resource analyzed. Accordingly with the
hypothesis, a decrease in efficiency was associated with canopy
closure in relation to nitrogen productivity and growth efficiency.
In contrast, no decrease was observed in light or water use effi-
ciency (on the assumption that 8'3C is correlated with iWUE) in
high density plots (Fig. 4 A and D). It is important to note that,
in contrast to Binkley’s studies (Binkley et al., 2004) relating a
decrease in RUE and canopy closure, in our study the differences
in canopy openness were due to differences in the number of
trees per unit area (tree density) and not due to different ages
and stand development. As a consequence, the different observed
patterns between those studies and the present study cannot be
strictly attributed to differences in species behavior (Eucalyptus
vs Pinus species).

The lower NP and GE estimated in plots with canopy closure
compared to open canopy plots were the result of the presence
of trees with low dbh and low RUE (see Fig. 3) but also, and in con-
trast to our hypothesis, due to the lower RUE of the biggest trees in
high density plots in comparison with trees of similar size but
growing in open canopy plots. This is an important finding of our
study suggesting that the decrease in RUE of a stand, when it is ob-
served, is due to a decrease in the efficiency of resource use of the
dominant trees of the stand and not due to the decrease in the RUE
of suppressed trees. It seems that the small trees have always low-
er RUE, independently of canopy closure of the stand. It is known
that RUE of trees may increase with tree size (Gyenge et al,,
2008, Binkley et al., 2013) but our results suggest that this increase
could be depressed by intra-specific competition. A similar finding
was reported in our previous study (Fernandez and Gyenge, 2009)
in which we found a general pattern of a higher WUE (estimated
from sapflow density of the trees and their stem productivity) in
largest trees of the stands in all cases except in a stand with very
high competition level (basal area=80 m?), where largest trees
presented a trend of a decreased WUE.

However, caution must be paid in relation to the resource ana-
lyzed and the general resources availability in the site. In this re-
gard, iWUE estimated from 5'3C of wood indicated a decrease in
water use efficiency in small trees when canopy closures (as we
hypothetized), but this was only observed in one site (MV) and
not in the other (AM). Another study in AM site indicated that a
lower iWUE may be expected in suppressed trees of high density
stands only in particular growing seasons characterized by marked
water deficits (Gyenge et al., 2012). Moreover, in contrast to the
patterns of use efficiency of water and nitrogen, LUE was not re-
lated with canopy closure in neither site (Fig. 4).
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Fig. 4. Relationship between 5'3C in wood ring (average of the trees in each plot), nitrogen use efficiency (NPp), growth efficiency (GEp) or light use efficiency (LUE) at the plot
level and stand density index, as a measure of competition level and canopy openness (left column, panels A, B, C and D) and soil nitrogen content (%N), as a measure of site
fertility (right column, panels E, F, G and H) of P. ponderosa forests growing in Arroyo del Medio (AM) and Meliquina Valley (MV), NW Patagonia, Argentina. Filled and empty
symbol represent data from MV and AM sites, respectively, meanwhile squares and triangles represent high (#1 to #3) and low (#4 to #6) density plots, respectively (see

Table 2).

Some of our results are in agreement with other studies in P.
ponderosa. The negative relationship between GEp and SDI was
also observed in USA ponderosa pine forests (Zhang et al., 2013),
as well as the lack of variation in 8'3C in relation to density man-
agement (Skov et al., 2004). However, other studies did actually
find a decrease in iWUE as tree density increased in ponderosa pine
native forests in Arizona (McDowell et al., 2006).

Hypothesis 2. RUE and resource availability-productivity.
When we planned the present study, we wanted to compare

two sites differing in soil depth and water stress level based on
previous results about water use and water status of the trees

growing in MV and AM sites (Gyenge, 2005; Gyenge et al., 2012).
We considered that MV was a better site compared to AM in terms
of forest productivity and resources availability on the basis of its
general higher water availability for tree growth. However, we
found in this study that fertility did also differ between sites, but
in an opposite way, with AM site being more fertile (at least, con-
sidering soil N content) than MV. For this reason, we cannot strictly
test the hypothesis about RUE and resource availability assuming
that one site is better than the other, but we can only analyze pat-
terns in relation to each particular resource availability ignoring
which is the more limiting resource in each site.

Partially according to the hypothesis, within each site NP, LUE
and GE showed a positive relationship with resource (N)
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availability (Fig. 4). However, across sites, only LUE increases with
N availability, thus being higher in AM than in MV, and GE and NP
not differing between sites. The lower LUE in MV compared to AM,
in spite of being the site with higher soil water availability, suggest
that N is a more limiting resource for tree growth in MV than
water. This agrees with studies carried out in P. taeda (Campoe
et al.,, 2013) showing a very limited response to water addition
but a huge increase in APAR and LUE when fertilization is applied.
In contrast to the positive relationship between other RUE and soil
N content, iWUE did not present any correlation with this environ-
mental variable. However, results of WUE estimated from sapflow
and stem productivity measured in the same sites but in different
years than the present study, suggest that average WUE is higher in
AM than in MV site (Fernandez and Gyenge, 2009).

On the other hand, no clear relationship was observed between
RUE or GE and water availability of the site, with all efficiencies
being similar or even lower in MV - the site with higher water
availability-than in AM. Thus, the trend of a positive relation of
RUE and resource availability is rather weak as a generalization,
but it depends on the resource which use efficiency is analyzed
and the resource which its availability is considered.

On the other hand, our study can be used to test the part of the
hypothesis about RUE and stand productivity or individual tree
growth. Considering patterns at the stand level, only LUE presented
the hypothetized pattern of a positive relationship with average
plot annual aboveground productivity. No correlation was ob-
served between GEp and stand productivity, which contrasts with
results of Zhang et al. (2013) showing a positive relationship be-
tween ponderosa pine GEp and site index (higher GEp in the most
productive sites). NP and iWUE did not present a correlation with
stand productivity.

At the individual tree level, since trees of each stand had the
same age their size may be used as a proxy of their average growth.
iWUE was higher in largest trees of a plot only under high compe-
tition level conditions (high density plots) (Fig. 2). This contrasts
with previous findings of higher WUE in largest — more produc-
tive-trees of a stand compared to the smallest - less productive
trees irrespective of tree density in MV (Fernandez and Gyenge,
2009). However, in the same study, no differences in WUE were ob-
served in different size trees in AM (Fernandez and Gyenge, 2009).
Other studies did actually find a positive relationship between
iWUE and tree growth (McDowell et al., 2006; Knapp and Soulé,
2011), and in other cases the relationship had being null in growing
seasons with no marked water stress, and positive in a drought sea-
son (Gyenge et al., 2012). This highlights the complexity in inter-
preting iWUE patterns and also the need of distinguishing iWUE
(from '3C or stomatal conductance and photosynthesis measures)
from WUE (from transpiration and stem productivity) patterns.
Allocation processes will mediate between both of them.

On the other hand, clear and positive relationships were ob-
served between GEt and NPt with tree growth (estimated from
their dbh), supporting the hypothesis of higher RUE in those trees
which are growing faster within the stand, which in turn are those
which are surely accessing to more resources (soil resources and
radiation). A similar trend was observed in P. taeda considering
their LUE, which was higher in the largest trees of the stand com-
pared to the smallest ones, in correlation with their amount of cap-
tured resource (APAR) (Campoe et al., 2013). In addition, as was
mentioned before, an increase in LUE and APAR of the trees was
estimated in response to fertilization and irrigation (Campoe
et al., 2013), that is, when more resources were available for the
trees and their growth was also increased. These results reinforces
the idea (proposed in Fernandez and Gyenge, 2009) that RUE could
be increased applying management practices leading to increase
growth of selected trees, such as thinning, fertilization and irriga-
tion (see below).

Hypothesis 3. Correlation between different resources$ use effi-
ciency and GE.

The third hypothesis stated in this study was not supported
with our results. The only significant correlation was that observed
between NP and GE, with no correlation at all between iWUE and
the other resources use or growth efficiency. This lack of relation-
ship could be due to the hydraulic plasticity of P. ponderosa in re-
sponse to water shortage. The capacity to produce short-and
long-term adjustments in their water relations allows the species
to maintain relatively constant values of iWUE even with high lev-
els of intra-specific competition or climatic constrains (McDowell
et al., 2006; Gyenge et al., 2012). Since carbon fixation cannot be
maintained at the same level (Gyenge et al., 2012), then other re-
sources$ use efficiency may decrease in parallel with growth uncou-
pling patterns with iWUE. However, it seems that maintenance of
relatively constant iWUE is constrained when water and radiation
are co-limiting carbon fixation as occurs in suppressed trees of
plots with high degree of competition (SDI > 1300) (Gyenge et al.,
2012).

4.1. Implications for forest management

Our results are in agreement with Zhang et al. (2013) and the
widely observed principle that stands managed at lower densities
grow trees of larger diameters. At the same time, tree size and the
degree of intra-specific competition have a strong influence on re-
source capture and use efficiency (Gyenge et al., 2012; Zhang et al.,
2013; Campoe et al., 2013). Thinning produces a decrease in re-
source competition (for example, for nutrients (Berthrong et al.,
2009) and radiation (Binkley et al., 2013)) and also may increase
the absolute amount of available resources such as water due to
the decrease in precipitation interception (e.g. Licata et al., 2011).
This higher resource availability may contribute to increase not
only tree growth but also its RUE.

In this study soil N content was lower in the plots with high
than in low SDI, maybe as a product of high biomass accumula-
tion. A meta-analysis showed a decrease of soil N under forest
plantations compared to other soil uses as a result of the capac-
ity of trees to take up considerable amounts of nutrients from
the soil (Berthrong et al., 2009). The amount of available nutri-
ents may be crucial for forest RUE as it is suggested by some
studies. The higher LUE in the more fertile (AM) compared to
the less fertile site (MV) in the present study also feeds this idea,
as well as the similar trends in WUE (based on stand transpira-
tion and productivity) observed in a previous study (Fernandez
and Gyenge, 2009). Further research is needed in order to evalu-
ate the relative importance of fertilization vs other silvicultural
practices (thinning, irrigation) in interaction with species eco-
physiological characteristics (Fernandez et al., 2011) in determin-
ing RUE increases.
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