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Climate and stands management have an effect on the process of wood formation via resource availabil-
ity. To improve knowledge of wood quantity and physical structure, increment cores of ponderosa pine
were taken in high- and low-density stands growing in Patagonia, Argentina. Microdensity profiles were
performed on trees for which sapflow density (Qs) data were available over two consecutive years (2004
and 2005, dry and wet years, respectively). Conventional and non-conventional microdensity variables
were analyzed in the segment of the microdensity profile where Qs was measured. Trees in the
low-density stand showed a greater capacity for water transport than trees in the high-density stand,
even if no constraints in the soil water availability were confirmed, as was the case for the wet year.
Minimum and earlywood density were significantly higher in the high-density stand in several analyzed
years. These differences were not reflected in mean density of the whole radial profile. The structural
changes in physical wood properties in relation to silvicultural treatments appear to affect plant water
status, even in the wet growing season: greater wood density in the first part of the tree-ring may
contribute to the observed Qs decrease found in the high-density stand. This fact may lead trees to lack
the coordinated mechanisms of response to drought observed in more xeric sites. The increase of wood
density in the first part of the tree-ring in ponderosa pine could be not conducive to acclimation, exposing
trees to an increasing ‘‘dilemma’’ facing drought.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Wood formation – in terms of quantity and physical structure –
may be affected by environmental conditions, including climate,
resource availability and silviculture, as well as cambial age
(Zobel and Sprague, 1995). Different wood structures can lead to
differences in water conduction capacity, which in turn would
affect plant responses to environmental conditions (Hacke and
Sperry, 2001). Structural changes in wood as a consequence of dif-
ferent silvicultural schemes could have an impact on tree resilience
to adverse climatic conditions during the growing season.

The adaptive meaning of wood in relation to drought resistance
has been studied across different species (Hacke et al., 2001;
Domec and Gartner, 2002; Sperry et al., 2008). Several authors
(Stratton et al., 2000; Hacke et al., 2001; Bucci et al., 2004) describe
the relevant role of the relation between cell lumen and wall
thickness in the xylem, which could help trees to preserve their
hydraulic system (Sperry et al., 2006; Pittermann et al., 2006).
Paradigm-changing studies such as those of Pockman and Sperry
(2000) and Maherali et al. (2004) have shown that resistance to
cavitation is a key trait related to species distribution across aridity
gradients. However, this does not mean that high resistance to
cavitation is a necessary trait to overcome arid conditions. Some
species have alternative mechanisms to a high resistance to
cavitation xylem, e.g., maximizing water conduction capacity under
dry conditions in order to avoid high xylem tensions. This appears
to be the mechanism developed by Pinus ponderosa (Dougl. ex Laws),
a North-American tree species capable of occupying very dry
environments (Barnard et al., 2011; Domec and Gartner, 2003;
Waring et al., 1982). Studies in native populations indicate that
the capacity of ponderosa pine to cope with drought is not directly
related with changing its resistance to cavitation, which in turn is
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rather low in relation to other Pinaceae (Martínez Vilalta et al.,
2004), but with changes in hydraulic conductance at the whole
tree level (Maherali and DeLucia, 2000).

An increase in hydraulic conductance in xeric environments
compared to wetter areas has been observed as a result of
changes in Huber ratio (leaf area/sapwood area) and specific
hydraulic conductivity of wood (Maherali and DeLucia, 2000,
2001; Tyree and Ewers, 1991). Efficiency of xylem conductivity
seems to be related to larger tracheid lumen diameters
(Maherali and DeLucia, 2000) and lower wood density (Bouffier
et al., 2003). The aforementioned studies have examined different
populations growing in different sites under different environ-
mental conditions. However, a lack of knowledge still exists
concerning how constraints in water availability affect wood
structure in this species, and how such structural adjustments
can, in turn, affect functional traits more closely related to an
adaptive response.

In previous studies, Fernández et al. (2012) and Gyenge et al.
(2012) suggested that wood anatomy is a highly conservative trait
in this species, in spite of the different water status of the plants
arising from different intra-specific competition levels. In this
study, we aim to infer the relationship between ring wood density
and environmental conditions, extending the analysis to different
years (tree-rings) and silvicultural treatments (high- and low-den-
sity stands), by means of X-ray microdensity profiles. Increment
cores for wood density analyses were taken from the same trees
where sapflow density patterns (Qs) were measured during two
growing seasons, in order to improve our knowledge about how
trees react to management (silviculture) and climate, taking into
account the water status of the trees. The implications of the physi-
cal structure of wood on trees’ xylem hydraulic properties are dis-
cussed taking into account the mechanism allowing ponderosa
pine to cope with drought.
2. Material and methods

2.1. Study site and plant material

The studied plant material came from two different stands (one
high- and one low-density stand) of ponderosa pine located in
Meliquina Valley (40�290S–71�130W, Patagonia, Argentina), planted
in 1978 and 1979, respectively. The small differences in cambial
age were considered to have negligible effects over microdensity
variables of the studied tree-rings. The high-density stand was
planted at 3 m � 3 m (1100 trees ha�1). The low-density stand
was installed at an initial density of 500 trees ha�1 (4 m � 5 m)
and then thinned to 350 trees ha�1 five years before increment
cores were taken. At the thinning time, canopies were still open.
Thus, it is assumed that the low-density stand trees grew with null
or very low level of intra-specific competition throughout their
lifespan. Ten trees were sampled in the high-density stand and
13 trees were sampled in the low-density stand. These trees had
complete series of Qs data available for two consecutive growing
seasons: 2004–2005 and 2005–2006. As has been well described
in Licata et al. (2008), these growing seasons may be considered
dry (70 mm) and wet (225 mm) respectively, representing ±1 stan-
dard error of the mean precipitation value from November to April,
according to a 23 year-long climate time series obtained from a
meteorological station belonging to the National Meteorological
Service of Argentina located 70 km south of the study site.

The tree-rings are identified in this study with the first calendar
year corresponding to the period of wood formation (i.e., the
growth ring formed in the Southern Hemisphere growing season
2004–2005 is named 2004).
2.2. Environmental variables: soil water content and potential
evapotranspiration (PET)

Soil water content was continuously measured in the study
plots during 2004 and 2005 (dry and wet years, respectively) with
multiple sensors of frequency domain capacitance probes (Sentek
EnviroSMART, Sentek Pty Ltd., Adelaide, Australia) (Licata et al.,
2008). Soil water content data were recorded every 15 s (sec.),
and 30 min (min.) averages were stored in a CR10X Campbell
Scientific datalogger. The Sentek measurement system employs
long probes, which are inserted into 5.5 cm diameter PVC casings.
The casings, in turn, are installed in holes augured into the soil.
Probes were 2 m long, with six sensors per probe at 10, 20, 40,
80, 140, and 180 cm deep. From this data, daily average soil water
content was determined for each sensor (four probes in each
canopy treatment in 2004 and three probes in each treatment in
2005). For the purpose of this study, daily averages for the whole
soil profile (0–180 cm depth) from each treatment were used. For
details about soil water content in each soil layer, see Licata
et al. (2008). One composite soil sample from each site was used
to determine standard parameters of water retention curves (soil
water moisture at 0.03 and 1.5 MPa) for 0–40, 40–80 and 80–
120 cm soil layers at the INTA EEA Bariloche Soil Laboratory
(Instituto Nacional de Tecnología Agropecuaria, Estación
Experimental Agropecuaria Bariloche). Water retention parameters
were acquired using the methodology described by Stackman
(1980) and Hillel (1984).

The FAO Penman–Monteith method was used to calculate
evapotranspiration reference values (ETref) following the procedure
detailed in FAO Irrigation and Drainage Paper 56 (Allen et al., 1998)
for daily climatic data. ETref represents the maximum PET of a
hypothetical reference crop with no water deficiency, growing
under the same meteorological conditions as measured in the field
site. Meteorological data were acquired from a meteorological sta-
tion (Campbell Scientific; Logan, UT, USA) installed seven km from
the study plots. As mentioned above, climatic data (23 years of
monthly precipitation averages) were obtained from a
meteorological station belonging to the National Meteorological
Service of Argentina located at the Bariloche airport (70 km south
of the study site).

2.3. Sapflow density

Sapflow density (Qs) is the amount of water that passes through
a standardized wood area (sapwood area in this case) per unit of
time. It is a physiological variable that can be continuously mea-
sured and logged by different methods, and may serve as the key
variable needed to estimate whole plant transpiration, canopy con-
ductance and carbon fixation. In this study, Qs was continuously
measured by Granier’s method (Granier, 1987) during the dry
(2004) and wet (2005) growing seasons, in trees that were subse-
quently sampled to obtain wood microdensity profiles (10 trees in
the high-density stand and 13 in the low-density stand).

Two cm-long sensors were installed in the outermost part of the
xylem at 1.4 m height, on the southern side of the stems. All sen-
sors were replaced between the two measurement years. A ring
of thermal and radiation insulation (Mexpol�, 9 mm) was placed
around the stems, covering the sensors and at least 20 cm above
and below them, to avoid any thermal gradient effects on the
stems. Sensor output was measured every 15 s and averaged every
30 min with a Campbell CR10X data-logger and an AM416 multi-
plexer. The data were analyzed on a daily time-step and were
transformed into sapflow density on a sapwood area basis (Qs) fol-
lowing Granier (1987). Daily transpiration estimated from these
data, taking into account the decrease in sapflow density along
the wood radial profile, can be consulted in Licata et al. (2008).
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For the purpose of this study, the maximum sapflow density of the
radial profile, that is, the Qs of the outermost part of the stem
xylem, was used to analyze the relationship of plant water status
and wood microdensity (see below).

In order to separate the effects of soil water content from those
of PET on Qs, relative changes in this variable were compared to
relative changes in PET according to the following index:

RCI ¼ PETrel � Q srel

where RCI is the Relative Change Index, PETrel is the maximum PET
of the corresponding growing season minus the PET in each day;
Qsrel is the maximum Qs in the corresponding treatment and grow-
ing season minus the Qs in each treatment and day. A positive RCI
value indicates that Qs has fallen proportionately more than the
evaporative demand, suggesting additional hydraulic limitations
to water movement. A negative RCI value indicates that Qs

decreased proportionately less than the evaporative demand.
2.4. Wood microdensity

Microdensity variables were obtained from increment cores
(one 5.15 mm sample per tree) taken where the Qs sensors were
previously placed. Twenty-three samples (10 in the high- and 13
in the low-density stand) were then processed, interpreted and
analyzed using indirect X-ray densitometry (Polge, 1966) and the
resulting X-ray films were scanned. The digital images were pro-
cessed with WinDENDRO software (Guay et al., 1992), obtaining
a final spatial resolution of 25 lm.

The complete microdensity profiles were used to estimate mean
stem density and diameter growth for each tree following the
methodology described in Rozenberg et al. (1997). Microdensity
variables were computed yearly, using a function written in R lan-
guage (R Development Core Team, 2014). We described tree-rings
using nine microdensity variables (Fig. 1): ring width (RW), mean
ring density (MRD), earlywood width (EWW), minimum ring den-
sity (MID), earlywood density (EWD), earlywood proportion
(EWP), latewood width (LWW), maximum ring density (MAD)
and latewood density (LWD).
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Fig. 1. Microdensity variables estimated in each year-ring: ring width (RW), mean
ring density (MRD), earlywood width (EWW), minimum ring density (MID),
earlywood density (EWD), latewood width (LWW), maximum ring density (MAD)
and latewood density (LWD). Earlywood and latewood densities were taken as the
average density of their respective ring portion. Earlywood proportion (EWP), not
shown, is calculated as the proportion of earlywood width (EWW) over the total
ring width (RW).
While it is known that ponderosa pine typically can have sap-
wood width deeper than two cm, in this work we focused on the
relationship between Qs and microdensity in the wood section in
which the two-cm-long sensors were inserted. For this reason a
two-cm-long segment from the microdensity profile of each tree
was examined (Fig. 2a). This segment accurately describes the
microdensity variation in the small wood portion in which the sen-
sor was inserted. Because this segment does not contain a fixed
number of complete rings, we followed the method proposed by
Rozenberg et al. (1999) and Ruiz Diaz Britez et al. (2014) to com-
pute microdensity variables. The segment was vertically divided
into high- and low-density parts using a moving density criterion
(density threshold). The density threshold values ranged from
0.25 g/cm3 to 0.80 g/cm3 with a 0.05 g/cm3 step. Then, for the
high- and low-density parts of the microdensity segment, non-
conventional microdensity variables were computed for each of
the density threshold values: the width of the segment under the
density threshold (SegWidthUnderth), the mean density of the part
under the density threshold value (MeanDenUnderth) and the
mean density of the part over the density threshold
(MeanDenOverth) (Fig. 2b). Additionally, minimum, mean and
maximum Qs for each tree in each growing season were computed.
The area under the curve of the daily Qs variation over the course of
the growing season was calculated and used as an indication of the
cumulative Qs of each tree during the growing season (Fig. 2c).
2.5. Statistical analysis

A descriptive procedure was used to compare soil water content
during the two growing seasons in each treatment. Daily differ-
ences in Qs between the treatments (high-density stand vs. low-
density stand) were tested for significance by t-test (p < 0.05) in
each of the growing seasons. A similar t-test (p < 0.05) procedure
was used for mean stem density (estimated by weighted mean
tree-ring wood density by the corresponding basal area), diameter
growth and all of the tree-ring microdensity variables (see Fig. 1).
The sampling unit used was each tree corresponding to a high- or
low-density stand.

The Qs sensors were installed during late winter 2003 and 2004.
Given their length, they would have sensed both the previous and
following years, which was considered in the analyses. We com-
pared the microdensity variables of the 1999 tree-ring
(corresponding to the beginning of the two-cm-long segment in
the high-density stand) with those of the 2006 tree-ring.

Statistical analyses were performed using R software (R Core
Team, 2014). Relationships between Qs variables (minimum, maxi-
mum, mean and area) and microdensity variables of the 2 cm seg-
ment where the sapflow sensors were installed were calculated
using the Pearson correlation coefficient by means of the cor.test
function in R (R Core Team, 2014).
3. Results

3.1. Environmental variables

According to differences in precipitation levels registered dur-
ing the growing seasons, soil water content varied between years
and treatments. Fig. 3(panels a and b) shows the soil water mois-
ture at 1.5 MPa for each type of soil (horizontal black line for
high-density stand and horizontal grey line for low-density stand).
In both treatments this value was reached at a similar date during
the dry growing season but at different dates during the wet grow-
ing season. During the dry year (2004), the soil profile reached the
water moisture at 1.5 MPa during the first week of January in both
treatments and from then on, soil water content did not increase
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(except for a very short period in the high-density stand after a rain
event registered on January 20th, 2005) (Fig. 3a). During the subse-
quent growing season soil water content reached 1.5 MPa water
moisture in mid-February in the low-density stand and almost a
month later in the high-density stand (Fig. 3b).

While soil water content was very different between years and
treatments, PET was similar between seasons (Fig. 3c), with similar
maximum values recorded from January to February and minimum
values from mid-March. Mean PET (and standard deviation) of the
September 28th-April 20th period, most of the growing season in
the study site (Gyenge, 2005), was 4.3 (±1.8) and 4.6 (±1.7)
mm day�1 for the 2004 and 2005 growing seasons, respectively.
3.2. Sapflow density patterns

The average daily Qs was higher in the low-density stand
(Fig. 4a and b). In the dry year, significant differences in daily Qs

samples between sites increased toward the end of the growing
season (Fig. 4c). These differences between stand density treat-
ments began to be significant from December 15th on (late spring:
period of maximum growth according to Gyenge, 2005). In 2005,
mean Qs values from both treatment sites were not significantly
different for 80 days during the growing season. However, they
were higher in the low-density stand than in the high-density
stand for at least 65 days of the same growing season (Fig. 4d).

Considering the temporal changes in RCI during the first part of
the dry year (until early January), the trees in both treatments
showed similar negative values (Fig. 5a). Later, the trees in the
high-density stand showed mostly positive values increasing
toward the end of the season. This means that Qs dropped faster
than PET in the high-density stand, indicating that these trees
suffered greater soil water constraints than those in the low-den-
sity stand. Meanwhile, in the wet year (Fig. 5b) trees from both
treatments showed similar RCI trends throughout the whole sea-
son. This would indicate that tree growth was not limited by soil
water content in neither of the treatments.
3.3. Wood microdensity patterns

The trees in the low-density stand were significantly different
from the trees in the high-density stand in terms of stem diameter
(mean and standard deviation: 28.5 cm ± 2.6 and 22.7 cm ± 6.5
respectively), but not in mean stem density (0.43 g/cm3 ± 0.05
and 0.42 g/cm3 ± 0.02, respectively). The conventional microden-
sity variables followed the general patterns described for the
whole radial profile (Fig. 6). RW, as well as its components EWW
and LWW, were significantly higher in the low-density stand dur-
ing all of the analyzed years (Fig. 6a, only RW is shown), while
MRD was significantly higher in the high-density stand only in
2001 and 2006 (Fig. 6b). The tree-rings formed during 1999,
2000, 2001, 2004 and 2006 (that is, the year following the wet
2005 year) presented significantly higher MID and EWD (not sig-
nificant for EWD in 1999 and 2000) in the high-density stand
(Fig. 6c and d). EWP was always similar between treatments
(Fig. 6e), as were LWD and MAD (Fig. 6f, only LWD is shown).

Significant correlations (p < 0.05) were found between Qs and
the non-conventional microdensity variables defined by the differ-
ent density thresholds in the two-cm segments of the microdensity
profile. Moderate positive relationships were found between
SegWidthUnder0.25, minimum Qs and mean Qs. However, for the
density threshold values from 0.55 to 0.65, an increment of
SegWidthUnderth was negatively correlated with mean Qs and
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maximum Qs, as well as with the integral of Qs (Qs area) for the
growing season (Table 1). On the other hand, for the density
threshold values between 0.40 and 0.60, a decrease of
MeanDenUnderth resulted in increased minimum Qs. Also,
MeanDenOverth (between 0.25 and 0.35) was positively correlated
with mean Qs, maximum Qs and Qs area. These correlations indi-
cate that low-density wood in the low-density part of the ring
(generally the first part of the ring) and high-density in the high-
density part of the ring (generally the last portion of the ring) are
associated with high Qs (Table 1).
4. Discussion

Significant differences in ponderosa pine wood production
under different management systems have been described by
many authors (Jaakkola et al., 2005; Zobel and van Buijtenen,
1989) in native forests (McDowell et al., 2006) and in plantations,
in its natural distribution area (Wei et al., 2014; Powers and
Reynolds, 1999) as well as in Patagonia (Fernández et al., 2012,
Gyenge et al., 2010, 2012). However, there are fewer studies relat-
ing growth rates with wood density in ponderosa pine, and,
according to our knowledge, no study has documented the
relationship between these variables and continuously-measured
Qs, which is a direct measure of the hydraulic activity of the plant.
In the present study, significant differences were observed in
growth and Qs between the two stand density treatments, with lit-
tle impact on mean stem wood density. However, at a more
detailed scale of analysis facilitated by the microdensity technique,
wood density differences were detected under particular environ-
mental circumstances.

Ponderosa pine trees growing in Patagonia Argentina have a
tree-ring mainly formed by earlywood (EWP > 70%, Fernández
et al., 2012). The same result was found in trees studied here.
EWP was over 75% in both treatments, along the entire microden-
sity profile (from the 1991-data not shown-onwards). Wood
formed in the high-density stand had higher MID and EWD.
These observed differences were not necessarily reflected in an
increase in mean stem density. However, it is necessary to take
into account: (1) the reduced number of sampled trees that could
affect the power of the statistical analysis, and/or (2) that the intra-
specific level of tree competition was not strong enough to result in
an increment of EWD so as to find significant differences at the tree
level. This would be the case if after the 2006 growing year EWD
and MRD had continuously increased along the profile. On the
other hand, mean stem density is an integrative variable that could
hide the inter-annual tree-ring variations found in this study.

For ponderosa pine, the pre-dawn water potential has been
observed to drop exponentially as soil water content declines
under 1.5 MPa (Gyenge et al., 2012). Therefore, soil water content
should be considered a key environmental parameter.
Nevertheless it does not seem, by itself, to be a factor of stress.
This variable should be assessed in the context of tree competition
levels and interpreted in conjunction with the general water status
of the tree. We could establish that in the high-density stand Qs

decreased more during the dry growing season than in the low-
density stand. The positive value of RCI allows us to determine a
water constraint related to soil water deficit rather than to PET:
an increase in the significant differences between treatments for
Qs means over the course of the growing season was observed dur-
ing the dry year, due to a strong soil water deficit. On the other
hand, even in the wet year, Qs was lower in the high- than in the
low-density stand, showing approximately the same amount of
days with and without significant differences between treatments.
These findings coincide with other reported results (Gyenge et al.,
2003; Fernández et al., 2012) for a more xeric site in Patagonia,
Argentina.

Stand density management improved individual growth,
operating via physiological and structural traits. The trees in the
low-density stand showed a greater capacity for water transport
than the trees in the high-density stand, even if there were no
apparent constraints on soil water availability, as was the case
for the wet year. This greater hydraulic efficiency could be related
to the lower density of the first part of the growth ring in the low-
density stand. This decreased density could be associated with
wood anatomy containing a higher cell lumen/cell wall ratio, and
thus being more permeable for water transport.

During the dry growing season, trees in the low-density stand
had higher Qs and produced a significantly lower MID and EWD.
However, despite having low values of EWD in the low-density
stand, they were not statistically different from the high-density
stand in 2003, which should have had an influence on the 2004
Qs together with the wood formed in 2004. In the high-density
stand, the two cm-long portion of wood in which the 2004 Qs

was measured corresponded to the rings formed between 1999
and 2003. The structural changes toward higher wood density
detected in the high-density stand in the first part of the ring can
explain the significant differences detected in Qs between stand
density treatments. This is true not only for the dry growing sea-
son, but also for the wet period, given the relevant role that EWD
may have in terms of its relationship with wood hydraulic conduc-
tivity (ks). In this regard, ks depends on tracheids size. The Hagen
Poiseuille law states that the radius of the tracheid or vessel has
an influence that is exponential to the fourth power on ks. Thus,
even very little differences in cell-lumen radius could have signifi-
cant consequences in terms of ks. Additionally, Bouffier et al. (2003)
described a negative relationship between wood density and
xylem hydraulic conductivity in ponderosa pine. Moreover,
Maherali and DeLucia (2001) compared desert and mountain
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Fig. 6. Wood microdensity variables estimated in the ponderosa pine trees growing in the high-density (black solid line) and the low-density (grey solid line) stands for i
variable (wood microdensity) in year j (years analyzed: from 1999 to 2006). The solid grey bars represent the log10 of the probability of the treatment effect in the t-test
analysis of the microdensity variables. The horizontal line represents the 5% significance level. Only ring width (RW), mean ring density (MRD), minimum ring density (MID),
earlywood density (EWD), earlywood proportion (EWP) and latewood density (LWD) are shown. Similar results as for RW were found for earlywood width (EWW) and
latewood width (LWW). Maximum ring density (MAD) showed similar trends to LWD.

Table 1
Pearson correlation coefficient and associated probability between non-conventional microdensity variables (computed in the segment of the microdensity profile corresponding
to the wood part where Qs was measured) and the corresponding Qs variable. Only SegWidthUnderth, MeanDenUnderth, and MeanDenOverth variables which associated
probability levels were <0.05 are shown. SegWidthUnderth = thsegment width under each threshold density, MeanDenUnderth = mean density of the thsegment under the
threshold density; MeanDenOverth = mean density of the thsegment over the threshold density, Qs minimum, Qs mean and Qs maximum = the minimum, mean and maximum Qs,
tree in each growing season respectively, and Qs area = the area of the Qs curve during each growing season.

Qs

Qs minimum Qs mean Qs maximum Qs area

SegWidthUnder0.25 0.44 (0.025) 0.39 (0.046)
SegWidthUnder0.55 �0.39 (0.050) �0.43 (0.030)
SegWidthUnder0.60 �0.43 (0.027) �0.46 (0.017) �0.40 (0.045)
SegWidthUnder0.65 �0.39 (0.048) �0.41 (0.036)
MeanDenUnder0.40 �0.40 (0.040)
MeanDenUnder0.45 �0.42 (0.033)
MeanDenUnder0.50 �0.43 (0.028)
MeanDenUnder0.55 �0.43 (0.029)
MeanDenUnder0.60 �0.42 (0.032)
MeanDenOver0.25 0.42 (0.035)
MeanDenOver0.30 0.42 (0.034) 0.40 (0.043)
MeanDenOver0.35 0.43 (0.027) 0.42 (0.030) 0.41 (0.040)
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native populations of this species and found a higher ks associated
with larger lumen diameters of xylem tracheids in desert than in
mountain populations.
Several authors have suggested that ponderosa pines have coor-
dinated adjustments in their hydraulic xylem architecture (xylem
efficiency and water storage capacity, Huber ratio, leaf area) as well
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as a highly plastic growth response that may serve to avoid embo-
lism along a gradient of increasing aridity (Barnard et al., 2011;
Domec et al., 2004; Domec and Gartner, 2003; Panek and
Goldstein, 2001; Maherali and DeLucia, 2000; Fernandez et al.,
2012). These functional adjustments could be the result of an adap-
tive response of the individuals allowing the species to occupy a
wide range of climates including those with frequent water deficit.
With regard to Patagonia, Licata et al. (2008) and Gyenge et al.
(2012) did not find differences in the leaf area/sapwood area ratio
(Huber ratio) between high- and low-density stands of ponderosa
pine growing in this region. In this work we sampled in the same
high- and low-density stands as in Licata et al. (2008). Stand struc-
ture (trees ha�1, radial growth and basal area) describes a marked
difference between silvicultural treatments. However, as shown in
Licata et al. (2008) the Huber ratio was very similar (0.15 and 0.12
m2 cm�2 for high- and low-density stands, respectively). Therefore,
we infer that the observed differences in the Qs values between
high- and low-density stands for both dry and wet growing sea-
sons are mostly the result of a change in wood structure rather
than in plant evaporative area (leaf area).

Numerous studies have shown that ponderosa pine prevents
high xylem tensions (Barnard et al., 2011; Domec and Gartner,
2003; Waring et al., 1982, Martínez Vilalta et al., 2004; Bouffier
et al., 2003; Maherali and DeLucia, 2000) due to the coordination
of different mechanisms leading to an increment in hydraulic effi-
ciency (avoidance strategy). Here we found that ponderosa pine
responded to water constraints resulting from high intra-specific
competition with an MID and EWD increase in the high-density
(more stressed) stand. These mechanisms may resemble those
found in other conifers such as Norway spruce (Rosner et al.,
2014) and Douglas-fir (Dalla-Salda et al., 2011, 2014). In these tol-
erant species, higher wood density would imply a higher resistance
to drought. In the case of the studied ponderosa pines, we hypothe-
size that a higher EWD could be not conductive to drought accli-
mation, exposing trees to an increasing dilemma as they face
more recurrent and intense droughts and/or an increase in intra-
specific competition, affecting the productivity and compromising
their survival under severe drought events.

The question that arises from our study is: which comes first,
the chicken or the egg? The wood density influence on Qs or the
Qs influence on the (newly-formed) wood density? In the high-
density stand, a dry year, reflected in marked differences in Qs

between treatments, resulted in a tree-ring with higher EWD and
MID. In fact, these differences could explain, at least in part, the dif-
ferences in Qs in the following wet year, since the Qs would be dri-
ven by the wood formed during the previous years (at least at the
beginning of the wet growing season, until the already-formed ear-
lywood takes over). On the other hand, if the inter-annual variation
in resource availability due to climate has some effect on the physi-
cal properties of the wood formed during the growing season, a
wet year should result in similar EWD in both treatments, and that
is effectively what we found. This result means that Qs in year x
depends on the water availability in year x and on wood density
of the previously formed rings (in year x � 1, year x � 2, etc). So,
as was corroborated in the high-density stand during the dry year,
constraints in resource availability during the growing season
would determine a wood density increase (at least in the early-
wood portion) for the current year tree-ring, leading to differences
in Qs in the following years, even without water constraints. Our
results provide evidence to support this hypothesis. The studied
relationships between wood density and Qs for the two-cm seg-
ment suggest a functional relationship between variables. The
increased Qs must be due to the most conductive portion of the
wood, that is, the portion of lowest density. What contributes to
the Qs increase is not only an increasing amount of this conductive
portion, but also the fact that this portion has a lower density
(negative correlations between MeanDenUnderth and Qs). As den-
ser portions of the growth-ring were incorporated in the analytical
procedure and the density threshold increased, the relationship
between the amount of low-density wood and Qs changed from
positive to negative. An unexpected positive relationship arose
between the denser portion of the ring, described by
MeanDenOverth variables and Qs. However, we interpret that these
correlations do not reflect functional relationships. Instead they
may be the consequence of the negative correlation observed
between mean density of the first and second portions of the ring
(r = �0.75, p < 0.001, between MeanDenOver0.40 and
SegWidthUnder0.65, or r = �0.72, p < 0.001, between MeanDen
Over0.45 and SegWidthUnder0.65, results not shown). These nega-
tive correlations suggest that trees with lower density in the first
part of the ring (and therefore, potentially high Qs) have for some
reason higher density in the final portion, thus explaining the posi-
tive relationship between MeanDenOverth and Qs. The observed
within-ring correlations need to be tested in a greater number of
samples, adding other sites and years, and incorporating previous
rings, not only those corresponding to the two-cm segment of
the sensors.

In relation to the latewood portion of the ring, we found differ-
ences in terms of the quantity of latewood formed during the
growing season (LWW) similar to what we found for the early-
wood portion (EWW), although no significant differences were
found for LWD, nor for MAD. However, this increment of the
LWW should not be considered a signal of a longer growing season
(toward the end of summer/beginning of autumn). Note that
microdensity profiles are represented in the x-axis by distance
units, not by time, so it is not possible to establish a priori if the
observed differences found in RW are in relation to a longer grow-
ing season, a greater velocity in growth and/or a greater turgor and
expansion of tracheids.

Differences in the amount of latewood, as well as in late season
Qs between treatments give rise to the question of potential conse-
quences on carbohydrate reserves. The effects of drought condi-
tions during the 2004 growing season should have consequences
on the initial growth (earlywood variables) of the following year
(year x + 1). A possible consequence would be a lower ring width
in 2005 in relation to the ring formed in 2004, even if there was
high soil water availability and Qs. In fact, the increment in RW
was lower due to a decrease in EWW in the 2005 season than in
2004, with a relative increase in LWW. This could be considered
evidence supporting the hypothesis of reserves affecting mainly
the next year’s initial growth, whereas the rest of the ring is formed
with carbohydrates created during the current growing season
(Michelot et al., 2012).

Considering these findings, ecological sustainability of forest
plantations could be threatened in the context of new climate sce-
narios. Ponderosa pine is the most planted tree species in
Patagonia, representing 75% of the region’s area forested with
introduced species (Loguercio and Deccechis, 2006). The low plan-
tation density scheme – 350 trees ha�1 at 24 years old – could sig-
nificantly reduce the rotation age due to increased tree growth,
improving the economic turnover, one of the major concerns for
forestry development in the Patagonia region. Higher growth rates
of these trees can counterbalance the decrease in the amount of
trees per unit area, maintaining stands level productivity
(Gyenge et al., 2010). In addition, summer drought events have
been recorded more frequently during the last 20 years in
Patagonia (Mundo et al., 2010). In this study we analyzed the
impact that water availability (mediated by climate and intra-
specific competition) has on the development of this species in
terms of quantity and physical characteristics of wood (here esti-
mated through microdensity parameters). Our findings are in
agreement with results previously reported coming from other
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growth conditions using a different methodological approach
(analysis of wood anatomy) (Fernández et al., 2012). Although it
is not within the scope of the present study, it should be men-
tioned that the lower EWD formed under a scheme of low-density
stands will be desirable for impregnations, finishing and absorp-
tion of chemical substances that improve wood hardness,
mechanical properties, and dimension stability, making a wide
variety of uses of ponderosa wood possible for solid final products.

Finally, we should take into account the genetic basis of pon-
derosa pines introduced in Patagonia. The selected materials were
mainly oriented to high productivity, and therefore the great
adaptability to drought present in some populations in its natural
range could be absent in Patagonia. A review of the introduced
genetic origins as well as the design of site-specific recommenda-
tions within the potential area of ponderosa pine implantation,
are recommended in order to define a general strategy to face
the new environmental conditions predicted for the Patagonia
region.
5. Conclusions

Resource availability, mediated by tree competition, can be
manipulated via stand density management. Faced by limitations
in water availability, ponderosa pine trees growing under high
intra-specific competition are affected in their hydraulic and struc-
tural traits. Earlywood density increases in response to more
stressful conditions such as those experienced in high-density
stands. Considering the known strategy of ponderosa pine for cop-
ing with drought, characterized by an increase in hydraulic con-
ductance to decrease xylem tensions, this structural trait change
could be interpreted as non-conductive to acclimation with poten-
tial consequences on the whole hydraulic integrity of the tree.
Given the limited number of sampled trees in this study, comple-
mentary research is necessary in similar or more stressful condi-
tions, to elucidate this hypothesis.
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