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Abstract

+ Key message Apical dominance ratio (ADR), reported as
a suitable indicator for the growth and development of
Abies alba, is concurrently determined by morphological
and functional plant traits. Structural equation modeling
(SEM) proved here to be an effective multivariate tech-
nique to represent the contribution of different variables
in explaining ADR variability.

+ Context During the natural recruitment of understory tree
saplings, the light environment and competition among indi-
viduals may change drastically as well as their growth pat-
terns. To cope with this, saplings have a remarkable ability
to accordingly modify their physiology and morphology.
Therefore, understanding the ecological significance of plant
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structural patterns requires an integrated view of morpholog-
ical, architectural, and physiological attributes of plants.

« Aims Here, we applied a SEM approach to understand the
mechanisms influencing the ADR, recently reported as suit-
able indicator of the growth conditions favoring silver fir
(Abies alba Mill.) natural regeneration in Mediterranean areas.
+ Methods A series of plant traits (e.g., root-collar diameter,
leaf mass per area, and isotope composition) were combined
into two main latent variables, namely Morphology and
Physiology, to account for their relative contribution in
explaining the ADR variability.

* Results Our results underline the importance of variables
accounting for the photosynthetic capacity and leaf economics
in determining ADR; among them, leaf mass per area (LMA)
emerged as an important driving variable.

« Conclusion SEM proved to be an effective multivariate tech-
nique to represent the coordination of different morphologi-
cal and functional variables in explaining ADR variability
in silver fir.
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1 Introduction

In recent years, the functional traits of plants—their morpho-
logical, anatomical, physiological, biochemical, and pheno-
logical characteristics—have been broadly used in research
on evolutionary biology as well as community and functional
ecology (see Westoby and Wright 2006 for a review). These
traits are known to drive ecosystem processes, to influence
plant performance in a given environmental setting, and to
offer the most promising path to understand how vegetation
properties and function change along key ecological gradients
(e.g., McGill et al. 20006).

Presently, several comparative studies show these aspects
of tree structure and function. For instance, McDowell et al.
(2011) used a record of isotopic composition instead of phys-
ical structure to infer past physiology. They found a general
decline in stable carbon isotope discrimination with increasing
height of several species for both foliar and wood material.
Furthermore, Olson et al. (2014) found a universal scaling
between height and anatomical functional structure (i.e., hy-
draulic diameter). Marshall and Monserud (2003) and Fellner
et al. (2016) found that specific leaf area (SLA) is tightly
linked to canopy structure in many conifer species.

To date the survival phase and growth performance of tree
saplings are both considered as the key bottleneck in the nat-
ural recruitment dynamics of understory saplings (Walters and
Reich 2000; Sanchez-Gémez et al. 2006). This pattern of re-
cruitment is the result of a wide range of interacting environ-
mental factors that includes yearly variation in micro-site cli-
mate, changes in the physical environment (e.g., topography
and soils), and different biotic factors (e.g., ungulates brows-
ing, insect, and pathogens attack) (Dobrowolska 2010).
Therefore, a pressing challenge in ecological studies is to bet-
ter understand the complex structure and dynamics of tree
recruitment to formulate appropriate silvicultural regime that
promote the natural evolutionary processes and maintain het-
erogeneous conditions, particularly in mixed forest stands
(Cater and Levanic 2013).

Many recent studies have explored the intraspecific varia-
tion of understory vegetation to highlight a large, informative
set of morphological, anatomical, and physiological plant
traits (e.g., Dobrowolska 2008; Duchesneau et al. 2001;
Grassi and Giannini 2005). Among these, tree height is likely
considered the most informative expression of growth and
competitive ability of understory tree saplings. Indeed, height
change is affected by important processes such as leaf expan-
sion and shoot extension (Meinzer et al. 2008), rates of pho-
tosynthesis (Hubbard et al. 1999), and mechanical influences
of radial growth (Enquist 2002).

The above-cited literature has provided general empirical
equations that establish basic relationships among these vari-
ables across species (see Online Resource Tab. OR1 for a
review). Many of these studies have dealt with the
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relationships of anatomical and physiological features by
using simple bivariate approaches, while few of them scaled
up to multivariate ones, which are capable of accounting for
the complexity of the relationships among variables. Indeed,
many changes in tree structure and function occurring
throughout ontogeny likely involve trade-offs (i.e., the plant-
traits syndrome) which are difficult to discern. This can be
seen, for example with the cost of constructing xylem conduit
walls that provide a twofold function (i.e., hydraulic conduc-
tivity and mechanical stability of trees). Thus, we may be
easily misled by preconceptions that a given trait is affected
by a single factor when in reality additional factors may play
an important role. Therefore, although multiple regression is
sometimes used to examine interacting traits (e.g., Rliger et al.
2012), this statistical method is not a robust way to test differ-
ent functional hypotheses (Shipley et al. 2005).

An active research area investigates the interrelations
among plant traits (e.g., Grace et al. 2010; Shipley et al.
2005) by quantifying their correlations to understand the pro-
cesses that drive the dynamics of complex natural ecosystems
via structural equation modeling (SEM). SEM is a multivari-
ate technique that can test both direct and indirect effects of
multiple interacting factors. Moreover, it has proven to be a
powerful tool to explore and contrast non-exclusive hypothe-
ses of relationships among variables by using observational
data (Shipley et al. 2005; Grace et al. 2010). Unlike classic
multivariate approaches, such as the principal component
analysis (PCA, see for instance Albert et al. 2010), which
reduces multiple observed variables into fewer components,
SEM is able to represent complex attributes (i.c., latent) that
cannot be measured directly but can be estimated from ob-
served variables (Spasojevic et al. 2014). Promising results
were recently obtained using the SEM approach: its range of
applications includes studies on forest community composi-
tion (Clark et al. 2007; Laughlin and Abella 2007), ecosystem
services (Lavorel and Grigulis 2012), forest resilience
(Camarero et al. 2015), and functional ecology (Shipley
et al. 2005; Spasojevic et al. 2014). In forest studies, key traits
of seed size, leaf size, tree height, leaf mass per area, and wood
density, in addition to structural canopy properties and photo-
synthetic performance, are among the variables found strongly
associated with plant functional strategies (Shipley et al.
2006). For instance, Meziane and Shipley (2001) presented a
path model relating interspecific patterns between specific leaf
area, leaf nitrogen content, net photosynthesis, and stomatal
conductance. They found that specific leaf area is the main
variable directly affecting both leaf nitrogen levels and net
photosynthetic rates.

In this regard, several authors have shown that apical dom-
inance ratio (ADR, i.e., the length of the apical shoot divided
by the mean length of the lateral shoots at the last node) is a
good proxy for the growth and development of silver fir
(Abies alba Mill.) saplings when exposed to different light
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conditions (Grassi and Giannini 2005; Dobrowolska 2008).
Among other attributes, ADR drew wide interest because of
its ability to reflect plant micro-environmental features and to
provide basic input in the prediction of understory tree growth
and survival rates (e.g., Duchesneau et al. 2001). Therefore,
ADR could be considered a useful tool for forest managers in
monitoring stand dynamics. In practice, ADR is much easier
to measure when forest managers have to decide which types
of sapling should be favored by silviculture treatments in or-
der to promote the regeneration establishment.

In this study, the main objective was to explore the poten-
tial of a SEM approach in representing the coordination
among set of morphological and functional traits in silver fir
plants; in particular, we tried to answer the following question:
defining synthetic latent variables in a SEM approach could be
an effective tool to get more insight into processes that drives
ADR variability in a silver fir saplings population? Could this
be considered a useful step towards helpful modeling of silver
fir natural regeneration? For our model exercise, we used the
silver fir saplings cohorts investigated by Ripullone et al.
(2016) growing on Monte Pollino (Southern Italy), which
was one of the most important refugial areas for silver fir in
the glacial period and still retains high conservation value for
this species (Piotti et al. 2017).

2 Materials and methods
2.1 Experimental site and data collection

The main data came from an experiment carried out recently
by Ripullone et al. (2016), which surveyed a silver fir natural
regeneration plot within the Pollino National Park (39° 07" N;
16° 13" E; 1350 m a.s.l.), Southern Italy. At the study site, the
climate is typical of the Mediterranean area and characterized
by average annual temperature ranging from 7 to 12 °C over
the last 30 years and total annual precipitation exceeding
1100 mm, distributed mainly in autumn and winter.
Extended summer droughts are typically characterized by on-
ly 7.6% precipitation falling during summer months (temper-
ature data collected from Castrovillari [39° 83’ N, 16° 19" E]
and precipitation from Campotenese [39° 51’ N, 16° 05’ E]
meteorological stations).

In this area, A. alba underwent a sharp contraction in its
spatial distribution (Piotti et al. 2017), mainly caused by the
systematic and indiscriminate harvesting exerted over the past
century (i.e., 1920-1950), where this species was mostly used
for shipbuilding and timber framing (Iovino and Menguzzato
1993). Because of this selective pressure, currently there are
only a few hundred large trees (i.e., more than 80 cm diameter
at breast height and 35 m height, and ~150 years old) and very
few regeneration groups left within the Pollino territory. These
groups are struggling to establish themselves, compared to

more competitive species such as oak (Quercus cerris L.)
and beech (Fagus sylvatica L.). The stands examined in this
study can be described as the sub-association “Abieti-
Fagetum”, variant of mesophilic “Physospermo verticillati-
Quercetum cerridis” (Di Pietro and Fascetti 2005).

The A. alba regeneration groups are mostly located in small
canopy gaps formed by the collapse of senescent trees or grow
at the margin of forestry roads where light conditions become
more favorable for their establishment. Although, this is con-
sidered a highly shade-tolerant tree among the European forest
species, especially at the juvenile stage, the peculiar structure
and composition of these communities create a screen that
considerably reduce the light penetration through the canopy.
This negatively affects the survival and establishment of
A. alba seedlings.

In this area, we selected a survey plot (5 X 50 m), where
A. alba is mixed with F. sylvatica (i.e., 40 and 60%, respec-
tively) at the canopy layer; whereas it constitutes more than
90% of the understory vegetation. A set of measurements was
carried out between June and October in 2012 (i.e., at the end
of the growing season) (see Table 1). The leafarea index (LAI)
was measured twice, in July and August 2012, respectively,
using the LAI-2000 “Plant Canopy Analyzer” (LI-COR,
Lincoln, Nebraska, USA). Below-canopy readings were con-
ducted at a height of 1.3 m above ground from the SE to the
NW comer and replicated three times at sunset in diffuse light
conditions. In general, the observed LAI values (3.9 = 0.4,
mean value and SE) refer to medium shading conditions.
Height, root collar diameter (RCD), and lengths of the leading
shoot and twigs forming the upper whorl were measured on 41
saplings. Subsequently, the ADR was calculated according to
Grassi and Giannini (2005). Moreover, needles from a lateral
current-year shoot of the first whorl per sapling were also sam-
pled at the end of the experiment, measured for their projected
area, and then oven-dried to a constant weight for determina-
tion of leaf mass per area (LMA, g m ). At the beginning of
October 2012, lateral current-year shoots of the first whorl
were taken from each sapling for determination of carbon
(6130), oxygen (8;30), and nitrogen (5"°N) isotope composi-
tions. For further details, please see Ripullone et al. (2016).

2.2 Model specification

Understanding the ecological significance of architectural at-
tributes requires an integrated view of morphological and
physiological traits of plants in a given environment. To this
aim, we developed a priori conceptual structural equation
model presented in Fig. 1 based on the abovementioned
hypothesis.

Variables tracking the suite of morphological and structural
properties (Morph, morphology) and leaf physiology and pho-
tosynthesis (Phys, physiology) are represented as latent, i.e.,
unmeasured, conceptual variables. Each latent variable was
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Table 1 Descriptive statistic of

the measured variables Variable Mean SD Quantiles

0% 25% 50% 75% 100%
RCD (cm) 246 1.49 0.15 1.20 2.30 3.70 6.00
Height (m) 1.41 0.82 027 0.83 121 1.90 32
ADR 0.68 0.35 0.14 0.39 0.65 0.94 134
Shoot (cm) 34.60 2721 5.00 16.00 23.50 54.00 116.00
NLspoot (0.) 2.56 1.12 1.00 2.00 2.00 3.00 5.00
LMA (g m ) 136.90 4542 46.73 106.30 128.39 170.58 227.03
313C (%) -31.65 1.03 -33.41 —32.40 -31.84 -31.03 -29.10
5130 (%o) 30.29 0.85 27.60 29.95 30.40 30.85 31.80
5N (%o) -1.48 1.35 542 -2.28 -1.33 -0.76 1.05
Nicat (%) 1.34 0.20 0.90 1.18 1.34 1.43 1.73

Shoot total length of lateral shoots, NLg;,,, number of shoots, RCD root collar diameter, ADR apical dominance
ratio, LMA leaf mass area, 0’ C carbon isotope composition, 6'% O oxygen isotope composition, 4> N nitrogen
isotope composition, N, leaf nitrogen content

defined by a set of measurements, in particular, the RCD, total
length of the lateral shoots (Shoot), and number of the lateral
shoots (NLgpeot) Were selected as indicators of Morph.
Specifically, RCD was considered a good indicator of sapling
growth potential (i.e., the tree-specific potential to achieve a
certain growth rate) and a generalized proxy of root system
size (Mexal and Landis 1990; Thompson 1985), whereas
Shoot and NLgp.oc could be interpreted as proxies for growth
form and competitiveness with respect to light availability
(Grossnickle et al. 1991).

It is well established that the observed isotope discrimina-
tion in leaf, that reflects the balance between the leaf photo-
synthetic capacity and its stomatal conductance, is very sensi-
tive to environmental conditions such as light regimes, and in
turn on ADR (Yakir and Israeli 1995; Ripullone et al. 2016).
Therefore, based on a semi-empirical approach, Phys was de-
fined by the LMA, leaf nitrogen content (Nje,y), 513C, 6180,
and §'°N isotope compositions. LMA and Nje,s were used as
predictors of the photosynthetic capacity of trees per unit of
leaf area (Poorter et al. 2009). The 813¢C, 8'%0, and §'°N
values were considered as proxies for intrinsic water-use effi-
ciency (i.e., the ratio between the amount of carbon assimila-
tion and stomatal conductance, Farquhar et al. 1989), leaf
transpiration (Barbour and Farquhar 2000), and nitrogen load
(Tcherkez and Hodges 2008), respectively.

The model accounted for the combined indirect effects
between latent variables, which were then regressed
against sapling ADR.

2.3 Parameter estimation
Parameters were estimated by comparing the actual covari-
ance matrix, which represented the relationships between var-

iables and the estimated covariance matrices of the best-fitting
model. The model was run with the library “lavaan” (v. 0.5—
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20, Rosseel 2012) in the R statistical suite v. 3.2.3
(Development Core Team 2015).

The estimation method was based on finding the parame-
ters that make the predicted covariance matrix as close as
possible to the observed covariance matrix; in other words,
we tried to minimize a discrepancy (badness-of-fit) function
between the model predicted covariance matrix and the ob-
served covariance matrix. According to Olsson et al. (2000),
we used the most common estimation method, maximum like-
lihood (ML), which provides more realistic fit indexes and
less biased parameter values compared to GLS (generalized
least squares) and WLS (weighted least squares). As the chi-
square (x°) is usually inflated by non-normal data distribution,
the Satorra-Bentler correction (Satorra and Bentler 1994) was
applied to rescale values of the ML-based chi-square by an
amount that reflected the degree of kurtosis in the distribution.
In order to quantify the uncertainty in the estimates of the
SEM model caused by the reduced sample size, a
bootstrapped confidence interval based on 1000 replications
was also calculated via bootstrapLavaan() function.

2.4 Testing model fit

The goodness-of-fit chi-square (x*GoF) statistic was used to
test the overall quality of the model fit. Traditionally, it as-
sesses the magnitude of discrepancy between the sample and
fitted covariance matrices: the null hypothesis is that the ob-
served and predicted covariance matrices are identical (Hu
and Bentler 1999). If this null hypothesis is true, then the
ML chi-squared statistic is asymptotically distributed accord-
ing to a chi-squared distribution with the appropriate degrees
of freedom. Thus, a x* value with a small (P < 0.05) proba-
bility under the null hypothesis allows us to reject the model.
Residuals and modification indexes were examined to deter-
mine whether or not there were apparent model-data
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Fig. 1 Structural equation model
(SEM) for the formulated

hypothesis. Initial conceptual (a
priori) model. Latent variables are
enclosed in circular nodes and

RCD Shoot

NL st LMA Nieat 8'%c 5'%0 8N

indicated (estimated) by
measured or indicator variables
shown in square nodes. Arrows
represent possible path
coefticients. RCD root collar
diameter, Shoot total length of the
lateral shoots, NLg,,,, number of
the lateral shoots, LMA leaf mass
per area, Ny, leaf nitrogen
content, ">C carbon isotope
composition, 6’0 oxygen
isotope composition, 0"’ N
nitrogen isotope composition

discrepancies, which in turn were used to identify alternative
models for consideration.

Since the interpretation of the chi-square statistics is
limited by both conceptual (i.e., the hypothesis of perfect
fit is unreasonable) and practical (i.e., chi-square test is
sensitive to sample size) reasons, the closeness-of-fit was
also assessed by a combination of more informative fit in-
dexes. In particular, Bentler’s comparative fit index (CFI,
Bentler 1990) is an incremental index that measures the
relative improvement in the fitted in comparison to baseline
model (i.e., the independent model). The CFI performs well
even when sample size is small; its values range between 0
and 1, and values >0.9 indicate an acceptable fit of the
model to the data. The root mean square error of approxi-
mation (RMSEA; Steiger 1990) is based on the predicted
vs. observed covariance matrix, and it is a parsimony-
corrected index that accounts for model complexity. Thus,
RMSEA measures the degree of misspecification per model
degree of freedom, adjusted according to its sample size.
Browne and Cudeck (1992) suggested that an RMSEA
<0.05 indicates a close approximation fit, a value between
0.05 and 0.08 indicates a reasonable approximation, and a
value >0.1 suggests a poor fit.

The standardized root mean square residual (SRMR) is a
measure of the mean absolute correlation residual, which is
simply the overall difference between the observed and
predicted correlation matrices. Hu and Bentler (1999) pro-
posed a threshold of SRMR <0.08 for acceptable fit. In addi-
tion, the significance of each pathway was evaluated with a ¢
test that used the unstandardized coefficients.

ADR

3 Results

The goodness-of-fit tests indicated that the model adequately
described the relationships between variables, corroborating
the underlying hypothesis of relationships between the latent
and observed variables. Hence, there were no grounds for
rejecting the fitted model. Nonetheless, for clarity, we only
report the standardized path coefficients in Fig. 2 and present
the unstandardized ones and standard errors in the Online
Resource Tab. OR2.

The final formulated model (Fig. 2) converged with statis-
tics indicating a relatively good overall model fit (x> = 23.19,
d.f =20, P = 0.288). Additional model fit statistics are in
agreement with the closeness-of-fit hypothesis: CFI = 0.980,
RMSEA = 0.068, and SRMR = 0.082. These results empha-
size the many significant direct and indirect effects linked to
ADR, and the complex relationships between the processes
involved. In particular, the positive contribution of both
Morph and Phys to ADR was supported by their statistically
significant paths (0.51 and 0.41 in terms of standardized units,
respectively). In addition, the combined indirect effects be-
tween latent variables (i.e., covariance between Morph and
Phys) were also statistically significant.

Inspection of the z values revealed that, except for 515N,
each observed variable significantly contributed in the loading
of its respective latent variable (see Online Resource Tab.
OR2 for detailed statistics). Interestingly, we found that
LMA emerged as a driving variable among the physiological
traits, according to the standardized coefficient (Fig. 2 and
Online Resource Tab. OR2).
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Fig. 2 Final specific model for AN YA YA

the formulated hypothesis.
Square nodes indicate manifest
variables, circular nodes indicate
latent variables, and triangular
nodes indicate constant variables
(intercepts). The path coefficients

AN A AN A A

represent standardized partial RCD Shoot
regression coefficients. Directed

NLshoot

LMA Nicaf 8'%c §'%0 55N

edges indicate linear regression
parameters and bidirectional
edges indicate (co)variances.
RCD root collar diameter, Shoot
total length of the lateral shoots,
NLgp00, number of the lateral A
shoots, LMA leaf mass per area,
Nieqr leaf nitrogen content, s
carbon isotope composition, 6’50
oxygen isotope composition,

8" N nitrogen isotope
composition

As expected, when bootstrap resampling was applied, a
general weakening, in terms of significance of the relation-
ships among paths, was observed, corresponding to an in-
crease in the standard errors. This is consistent with previous
findings highlighting inaccurate bootstrapped results in the
presence of a small sample size (Nevitt and Hancock 2001).

Considering all the predicted direct and indirect effects, the
full fitted model explained almost all of the observed variabil-
ity in ADR (R* = 0.96).

4 Discussion

It has long been recognized that the recruitment dynamics
of Mediterranean species, including silver fir populations,
is largely influenced by the combination of resource avail-
ability (i.e., mainly local water and light conditions) and
individual responses to disturbance, which together likely
drive the survivorship and growth of saplings (Linares
and Carreira 2009; Ameztegui and Coll 2011). For this
reason, several studies have sought out a quantitative de-
scription of the interactions between environmental vari-
ables and functional plant traits, in order to assess the
ability of saplings to cope with certain environmental con-
straints (see Online Resource Tab. OR1). To date, evi-
dence for the physiological or morphological plasticity
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ADR

of saplings’ apical dominance has been reported with re-
spect to light conditions (e.g., Duchesneau et al. 2001,
Grassi and Giannini 2005). In particular, ADR in silver
fir is known to have positive relationships with relative
irradiance (up to 35% of RI, see Grassi and Giannini
2005), radial growth, and water-use efficiency—this has
lent support to using ADR as a suitable proxy of the
growth conditions favoring silver fir natural regeneration
(see, for instance, Dobrowolska 2008). However, infer-
ence drawn from the functional linkages between plant
morphology and physiology on ADR is limited, probably
in part because the multiple regression analysis approach
is not able to rigorously test these functional hypotheses
(Shipley et al. 2005). To date, our study is one of the few
attempts that has successfully linked a suite of plant
interacting traits through a SEM approach (e.g., Meziane
and Shipley 2001; Shipley et al. 2005).

The picture that emerges from such an analysis is that our
model well explained the interacting contributes of morpholog-
ical and physiological traits known to affect the ADR (Fig. 2).
This is in agreement with the results of Kiippers (1994) and
Valladares and Niinemets (2007), who stated, respectively, that
plant physiology and morphology alone might not fully explain
the ecological performance of saplings in the field.

There is a number of specific considerations that can be
drawn from our model exercise and its results. For example,
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morphological attributes likely best explain the ADR variabil-
ity. In particular, the strength of both Shoot and NLg;,,. var-
iables in loading Morph may be attributed to the “well-
known” control exerted by the apex over the lateral bud out-
growth (Hillman 1984). Further, the path significance confirms
that sapling RCD is a good predictor of ADR, as found else-
where in many studies (e.g., Dobrowolska 2008, among the
others). Indeed, size-dependent models of tree growth strongly
suggest that RCD is a reliable proxy for height growth potential
and for whole-tree performance (King 1990; Iida et al. 2014).
Nonetheless, while confirming this relationship, our model also
suggests that a full understanding of the linkages between RCD
and ADR requires the indirect consideration of other morpho-
logical and physiological plant traits. In particular, the expected
negative relationship between 5'>C (i.e., intrinsic water-use ef-
ficiency) and RCD (Fig. 2) presumably reflects the attitude of
this species to modify the photosynthesis/stomatal conductance
ratio (Farquhar et al. 1989).

Photosynthetic variables and leaf economics (sensu Wright
et al. 2004), generally thought to be of paramount importance
for plant performance, had significant relationships with the
ADR parameter (Fig. 2). The LMA is one of the most widely
used plant physiological traits due to its easy measurability
and its sound theoretical framework. Comprehensive studies
underscored how higher LMA is linked to greater photosyn-
thetic capacity in adequate light conditions for sapling growth
(Niinemets et al. 1998), thus underlying its ability to reveal
key physiological information. In particular, for silver fir sap-
lings, positive relationships were consistently reported be-
tween LMA and ADR values under different light conditions
(i.e., difference in thickness between sun vs. shade leaves)
(Robakowski et al. 2004; Grassi and Giannini 2005). Our
SEM model quantified the linkage between LMA and ADR,
and further suggested a significant covariance between LMA
and 8'3C. In fact, several authors (Meziane and Shipley 2001;
Shipley et al. 2005; Poorter et al. 2009) have already sug-
gested that LMA alone could not serve as the best predictor
of plant performance if it is not considered in tandem with the
suite of interconnected physiological traits.

In this context, our examination of the entire structure of
interacting plant trait variables revealed intriguing contrasting
relationship between LMA, 5'3C, and ADR. In particular,
LMA increased with both an increase in height of the sapling
crown and in light intensity, indicating that more mass is allo-
cated per light intercepting unit area in the upper crown, where
light intensity is greatest (Niinemets et al. 1998; Poorter et al.
2009). Conversely, for 53¢, a positive relationship was not
expected with ADR (and consequently with LMA) (Farquhar
etal. 1989). Such paths could be perceived as counterintuitive
and may lead to a misinterpretation of the results in a linear
regression model, as neither LMA nor ADR would positively
vary with 6'°C. In fact, this pattern was found in several stud-
ies of evergreen tree species (Ambrose et al. 2009; Warren

et al. 2003) and had been interpreted as the effect of decreas-
ing leaf mesoporosity with increasing tree height. This leads to
slower CO, diffusion from intercellular spaces to carboxyla-
tion sites, thus reducing the photosynthetic rate per leaf area
and thereby contributing to high 5'>C values.

Besides these specific findings, the success of our SEM
model in explaining patterns of ADR led us to more interest-
ing general considerations. In the published literature, adap-
tive traits, which are shown to reflect plant fitness, are modu-
lated by a number of physiological and morphological adjust-
ments (e.g., Zanne and Falster 2010; Olson et al. 2014).
Among them, tree height represents an integrative long-term
response to multiple ecophysiological constraints, as driven
by the prevailing site-specific light conditions (Sanchez-
Goémez et al. 2006). For instance, the understory dynamic of
many coniferous saplings was strictly related to the long-term
interplay between available light and growth rates (Claveau
et al. 2002). Although it might be very important for a species
regeneration strategy, the height of saplings is a weak predic-
tor of adult growth rates (Moles et al. 2004). Given the behav-
ior of silver fir in the Mediterranean environment, where its
shade-adapted saplings exhibit a remarkable ability to survive
for a long time with very low growth rates (Aussenac 2002),
the ADR, instead of tree height, may be considered a useful
indicator of the phenotypic plasticity of fir saplings. The great-
er peculiarity of ADR, and its strength, lies in capturing in a
single variable the short-term performances of trees in re-
sponse to changing ecological conditions. However, we ac-
knowledge our model exercise was limited to a single site, and
it should be applied to a wide range of well-defined site con-
ditions for more general ecological interpretations.

Therefore, based on the insights from our model, we argue
that if ADR is associated with the potential of the species in
the vertical light gradient (Dobrowolska 2008; Grassi and
Giannini 2005; Ripullone et al. 2016), then morphology could
represent the total cost in terms of resource investment to
ensure both mechanical stability and a suitable space arrange-
ment (King 1990), while physiology could represent the pho-
tosynthetic efficiency of plants (Givnish 1995). Then, the re-
lationship between morphology and physiology may be
interpreted in terms of a synergism likely to influence the
fitness of understory woody plants under different conditions
of light availability (Kiippers 1989; Westoby and Wright
2006). However, such a relationship should not be interpreted
from a simple mechanistic point of view, because many phys-
iological processes are more plastic compared to the structural
ones (Valladares et al. 2000); that is, in the short term, phys-
iology can vary significantly without apparent changes in
morphology. For example, short-term variations in photosyn-
thesis in response to environmental constraints have little im-
pact on shoot development. Other relevant studies reported
that the difference in plasticity between morphological and
physiological traits seems to be species-specific; in particular,
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the shade-intolerant species show greater physiological plas-
ticity, whereas the more shade-tolerant species show greater
morphological one (Sanchez-Gomez et al. 2006).

5 Conclusions

SEM proved to be an effective multivariate technique to rep-
resent the coordination of different morphological and func-
tional variables in explaining ADR variability in silver fir. We
showed, in particular, its ability to take into account the mag-
nitude of direct and indirect effects of multiple interacting
variables. Overall, our results underline the importance of var-
iables accounting for the photosynthetic capacity and leaf eco-
nomics in determining ADR; among them, LMA emerged as
an important driving variable for ADR.
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