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An assemblage of tree species with different crown properties creates heterogeneous environments at the canopy level. Changes
of functional leaf traits are expected, especially those related to light interception and photosynthesis. Chlorophyll a fluorescence
(ChlF) properties in dark-adapted leaves, specific leaf area, leaf nitrogen content (N) and carbon isotope composition (δ13C) were
measured on Picea abies (L.) H.Karst., Pinus sylvestris L. and Betula pendula Roth. in monospecific and mixed boreal forests in
Europe, in order to test whether they were affected by stand species richness and composition. Photosynthetic efficiency,
assessed by induced emission of leaf ChlF, was positively influenced in B. pendula by species richness, whereas P. abies showed
higher photosynthetic efficiency in monospecific stands. Pinus sylvestris had different responses when it coexisted with P. abies or
B. pendula. The presence of B. pendula, but not of P. abies, in the forest had a positive effect on the efficiency of photosynthetic
electron transport and N in P. sylvestris needles, and the photosynthetic responses were positively correlated with an increase of
leaf δ13C. These effects on P. sylvestris may be related to high light availability at the canopy level due to the less dense canopy of
B. pendula. The different light requirements of coexisting species was the most important factor affecting the distribution of foli-
age in the canopy, driving the physiological responses of the mixed species. Future research directions claim to enhance the
informative potential of the methods to analyse the responses of pure and mixed forests to environmental factors, including a
broader set of plant species’ functional traits and physiological responses.
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Introduction

Mixed forests are believed to be more productive and resilient to
environmental stress factors than monocultures (Frivold and Frank
2002, Nynynen et al. 2011, Jucker et al. 2014, Ruiz-Benito et al.
2014, Drössler et al. 2015, Liang et al. 2016). This assumption,
however, is not always true, since tree species composition of
stands may induce different physiological responses (Rothe et al.

2003, Gayler et al. 2006, Kaitaniemi and Lintunen 2010,
Grossiord et al. 2014a) because of various competition and facili-
tation mechanisms. Below ground competition may provoke great-
er drought stress (Grossiord et al. 2014b) and nutrient deficiency
(Kreuzwieser and Gessler 2010) for some species. Conversely,
an increase in nitrogen (N) availability can occur when N-fixing
species are present in the community (Forrester et al. 2012).
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Above ground competition affects canopy space filling and light
availability, with consequent deficiency or excess of light intercep-
tion by the crowns (Kozovits et al. 2005, Ishii and Asano 2010,
Pollastrini et al. 2014, Jucker et al. 2015).
The physiological responses of trees, induced by tree diversity,

are expected to be reflected in changes of functional leaf traits,
with special reference to those associated with light interception
and use in photosynthetic processes, as well as in the responses
to drought stress (Bussotti and Pollastrini 2015a). Chlorophyll
a fluorescence (ChlF) parameters describe the efficiency and
performance of photosystems in the photosynthetic apparatus.
Among the traits associated with photosynthesis, specific leaf area
(SLA) and leaf N content (mass-based N) have high informative
potential and can constitute a link between terrestrial and remote
sensing surveys (Meroni et al. 2009, Serbin et al. 2012). Carbon
isotope composition (δ13C), on the other hand, is a response par-
ameter in relation to water stress (Grossiord et al. 2014a).
Chlorophyll a fluorescence (ChlF) analysis is used in applied

sciences and in agricultural and environmental research to assess
plant responses to a variety of environmental stress factors
(Maxwell and Johnson 2000, Strasser et al. 2004, Murchie and
Lawson 2013, Kalaji et al. 2014, Salvatori et al. 2014, Fusaro et al.
2016). Although ChlF analysis is considered a useful tool to assess
the vitality of young trees in forestry and urban plantations (Bussotti
et al. 2010), it is rarely used to study the photochemical properties
of mature tall trees in forests or plantations (Franco et al. 2005,
Bussotti and Pollastrini 2015b, Koprowski et al. 2015, Gottardini
et al. 2016, Pollastrini et al. 2016a, 2016b). The portable instru-
ments for measuring ChlF (fluorimeters) that are currently available
combine manoeuvrability with rapidity of data acquisition. The use
of these instruments allows the application of ChlF techniques in
large-scale assessment of forest tree health and vitality.
Specific leaf area (SLA), that is, the projected leaf area per unit

leaf dry mass, indicates the acclimation of leaves to irradiance:
plants grown under high light intensity, generally, have thick leaves
with low SLA. Thick leaves have a higher number of chloroplasts
than thin leaves. Furthermore, in leaves grown at high light intensity
the chloroplasts present lower and narrow thylakoidal grana stacks,
with higher chlorophyll a/b ratio and less abundance of light-
harversting complex associated with PSII complexes (Lichtenthaler
et al. 1981). These structural and chemical modifications of the
chloroplasts in response to light environment affect the photosyn-
thetic capacity of leaves. Therefore, low SLA enhances photosyn-
thetic capacity per unit leaf area (Evans and Poorter 2001). Low
SLA is thought to be associated with high N content, which is a
proxy for the photosynthetic capacity of leaves (Niinemets et al.
2006). However, the relationship between photosynthetic cap-
acity of plants, SLA and N is not always clear, as shown by Gulías
et al. (2003) in a comparison between endemic and non-endemic
Balearic species. Foliar N is considered a proxy for chlorophyll con-
centration (Van den Berg and Perkins 2004) and is associated
with the efficiency of the photosynthetic function.

Foliar δ13C is a key parameter for exploring carbon sequestra-
tion and strategies for efficient water use of trees under water
stress conditions (Farquhar et al. 1982). The increase of foliar
δ13C indicates a decrease in the chloroplastic CO2 concentra-
tion, which might be due to high assimilation rates and thus a
high consumption of CO2, or to low stomatal conductance and
thus restriction of resupply of CO2 to the photosynthetic appar-
atus (Farquhar et al. 1982, Francey and Farquhar 1982). The
parameter δ13C has been shown to be affected by both the avail-
ability of water and its effect on stomatal conductance, and by
radiation via its effect on photosynthesis (Gessler et al. 2001).

Many studies deal with the variation of morphological and
photosynthetic characteristics of leaves within the canopy of a
tree in relation to the light gradient (Niinemets 1998, Hallik et al.
2012, Niinemets et al. 2015). In mixed forests, the assemblage
of tree species with different crown properties (light require-
ments, phenology, branching models and distribution of foliage)
creates heterogeneous environments at the canopy level in rela-
tion to light availability, wind speed and water vapour pressure,
thus affecting the photosynthesis and transpiration of trees. As a
consequence, beside the position of leaves in the crown, foliar
traits can be influenced by the interaction between crowns of dif-
ferent tree species. Few studies, however, have investigated the
relationships between ChlF parameters and leaf traits in tree
species in relation to stand characteristics, such as species rich-
ness and composition (Reich et al. 1992, Russell et al. 2014,
Pollastrini et al. 2016b).

Our aim in this study was to test whether ChlF parameters and
leaf traits of forest species associated with photosynthetic prop-
erties and water-use efficiency, this latest estimated by means of
leaf δ13C, were affected by species diversity (species richness
and/or composition) of the stands in a boreal forest. The hypoth-
esis to be investigated is that in homogeneous forest stands (as
far as soil and climate conditions are concerned), specific foliar
attributes at the canopy level are influenced by the mutual or
antagonistic relationships established between the crowns of
the species, differing in shape, size and foliage density, that
compose the stand.

Materials and methods

Sampling site and sampling procedures

The study was conducted in a boreal forest located in North
Karelia (62° N, 29° E), in Finland, within the exploratory plat-
form of the FP7 FunDivEUROPE project (Baeten et al. 2013,
Jucker et al. 2014). The exploratory design included three tree
species: Betula pendula Roth., Picea abies (L.) H.Karst. and Pinus
sylvestris L., distributed in 28 plots (30 × 30m wide), with the
same number of replicates (4) for each type of tree species
composition: monospecific plots (monoculture) of each species,
plots with two species (P. abies + P. sylvestris; P. abies +
B. pendula; P. sylvestris + B. pendula) and plots with all three
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species (the detailed characteristics of the plots are reported in
Table S1 available as Supplementary Data at Tree Physiology
Online). The trees had the same age (40–50 years old), with a
mean height of 12–15m. The mean basal area (BA) of the plots
was 22.70 m2 ha−1 (±5.13 SD) and the mean leaf area index
(LAI) was 2.77 m2 m−2 (±0.770 SD). The forest stands had flat
topography, with deep soils (mean 78 cm) and soil nutrient
availability (mean soil C/N ratio 27.70). The elevation was
between 100 and 150m above sea level. The mean annual tem-
perature and the mean annual precipitation of the study site
were, respectively, 2.1 °C and 650mm. The daily solar radiation
was 14.907 MJ m−2 day−1 (daily average for the period April–
September 2009–13, data from AGRI4CAST, http://mars.jrc.ec.
europa.eu/mars). The plots were chosen to minimize the differ-
ences in soil conditions, and nutrient and water availability.
According to the experimental design (Baeten et al. 2013), dif-
ferences among plots were related only to the tree species
composition.
In each plot, six to nine dominant and co-dominant trees were

selected according to the species richness of the dominant tree
species. Six trees were selected in the monocultures and three
trees per species in the other species mixtures. The selection
was randomly done among the dominant and co-dominant trees
in each stand, that is, considering the largest diameters at breast
height. South-facing branches of 40–50 cm in length were col-
lected from the upper third of each selected tree’s crown using
extension loppers. The sampling was done in the first and
second weeks of August 2012. After sampling, the branches
were immediately placed in hermetic plastic bags, where the
dark-adaptation period, necessary before taking the ChlF mea-
surements, commenced. The branches in the plastic bags were
humidified to avoid leaf dehydration. The bags were then kept at
constant temperature in an insulated box until reaching the
laboratory the same day.
Leaf area index of the plots was measured in the same field

campaign. Five measurements of LAI in each plot were recorded
early in the morning (shortly after sunrise) or late in the evening
(shortly before sunset) in order to work in the presence of diffuse
solar radiation. A Plant Canopy Analyzer LAI-2000 (Li-Cor, Inc.,
Lincoln, NE, USA) was used. The light penetration across the can-
opy in the stands was estimated by means of the diffuse non-
interceptance index (DIFN), measured by means of LAI-2000 at
the same time of the LAI measures in each plot. The DIFN indi-
cates the fraction of sky that is not intercepted by foliage, provid-
ing also information on the canopy structure. The DIFN has a
value range between zero, which corresponds to dense canopies,
with a high amount of intercepted light, and one, which indicates
open and/or narrow canopies, with lower light interception.

ChlF measurements

Chlorophyll a fluorescence measurements were done on 16
leaves for each tree using a Handy PEA fluorimeter (Plant

Efficiency Analyser, Hansatech Instruments Ltd, Pentney,
Norfolk, UK) in a dark room after 4–5 h of dark adaptation. In
coniferous species, current-year needles were measured. A long
dark-adaptation period was necessary to remove both dynamic
and chronic leaf photoinhibition (Werner et al. 2002, Desotgiu
et al. 2012) and allow the leaves to reach standard conditions
after solar radiation exposure (see also Čepl et al. 2016) The
effectiveness of this protocol was tested before the sampling
campaign (Pollastrini et al. 2016a, 2016c). Previous studies
(Pollastrini et al. 2016a) demonstrated that there is coherence
between the ChlF parameters measured in the upper third of the
canopy and the remaining foliage; therefore, the data here pro-
vided can be assumed as indicative of the photosynthetic effi-
ciency of the whole tree.

The emission of ChlF was induced in dark-adapted leaves
through one pulse of red light (wavelength of 650 nm and inten-
sity of 3500 μmol m−2 s−1) for 1 s. Then, the photochemical
properties of the leaves and needles of each sampled tree were
assessed, analysing the fluorescence induction curves, called OJIP-
ChlF transients. Plotted on a logarithmic time scale, the ChlF transi-
ent shows a polyphasic pattern (Figure S1 available as
Supplementary Data at Tree Physiology Online). The different time
steps of this polyphasic transient are labelled as O (20–50 µs), J
(2ms), I (30ms) and P (peak). The latter indicates the highest
fluorescence intensity (FM), when all the reaction centres of photo-
system II (PSII) are reduced by photosynthetic saturating light. For
reviews of the theoretical background of the method used to ana-
lyse the structure and functionality of PSII (the JIP test: a quantita-
tive analysis of the fluorescence rise kinetics at specific time-
steps) and the ChlF parameters obtained from the ChlF induction
curve (fast kinetics) of dark-adapted leaves, see Strasser et al.
(2004) and Kalaji et al. (2014). Chlorophyll a fluorescence para-
meters used in this study were FV/FM, ABS/RC, K-band, ΨEo, ΔVIP
and the performance indices (PIABS and PITOT) (formulae are pro-
vided in Table S2 available as Supplementary Data at Tree
Physiology Online). FV/FM is the maximum quantum yield for pri-
mary photochemistry of a dark-adapted sample; ABS/RC is the
size of the antenna of PSII; K-band is the relative variable fluores-
cence at 300 μs, which expresses the opening of the electron
transport to non-water electrons, competing, therefore, with the
water donation from the oxygen-evolving system; ΨEo is the prob-
ability of an electron to reduce the primary quinone acceptor (QA)
and to move into the electron transport chain (ETC) beyond PSII;
ΔVIP represents the amplitude of the relative contribution of the I-
to-P rise to the OJIP transient, is an indicator of the abundance of
photosystem I (PSI) with respect to PSII and is related to the ETC
beyond PSI (Ceppi et al. 2012). Finally, the PIs measure the
potential energy conservation of photons in the intersystem
between PSII and PSI (PIABS) and the potential energy conserva-
tion from photons absorbed by PSII to the reduction flux of PSI
end acceptors (PITOT). The dark fluorescence describes the
‘potential’ capability to do work by the photons.
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Although there are no direct relationships between the cap-
ability to move electrons into the ETC and the net photosynthesis
(PN), several papers (Genty et al. 1989, Edwards and Baker
1993, Freyer et al. 1998, Maxwell and Johnson 2000) suggest
that, in absence of stressful condition for plants, most of the end
acceptors of electrons in the ETC feed the Calvin–Benson cycle.
Chlorophyll a fluorescence signature is therefore used as proxy
for plant growth, in terms of gross primary productivity, in remote
sensing studies (Zarco-Tejada et al. 2013).

Leaf traits: nitrogen content, carbon isotope composition
and SLA

Twenty fully expanded leaves and needles were sampled from the
branches collected for the ChlF measurements in each sampled
tree for the analysis of carbon isotope composition (δ13C,‰) and
N content (mass-based N, %). After oven-drying at 60 °C for 48 h,
the foliar samples of each species were finely ground.
For analysis of δ13C, ~1 mg of the dried, powdered material

from each sample was placed into tin capsules. The analyses
were performed using an isotope ratio mass spectrometer
(Delta S, Finnigan MAT, Bremen, Germany). The isotopic com-
position of the sample is reported in delta notation (δ13C) rela-
tive to the Vienna Pee Dee Belemnite standard. To determine
the leaf N content, 2.5 mg of the dry sample was used. The sam-
ples were analysed using near-infrared spectroscopy, as
described by Niederberger et al. (2015). Leaf N content and
δ13C at species level for each stand were calculated as average
values of three to six trees per species sampled in the stand.
Specific leaf area is the one-sided area of a fresh leaf, divided

by its oven-dried mass (m2 kg−1). We harvested two south-
facing branches from upper third of the canopy from 10 indivi-
duals per species in each plot, previously randomly selected.
Then, we took 5 leaves/needles from each branch, making a
total of 10 leaves per tree. Fully expanded and hardened leaves/
needles were sampled. In both cases, leaves/needles were with-
out symptoms of pathogens or herbivore attacks. We scanned
them and assessed their areas using WinFOLIA and WinNEEDLE
(Regent Instruments Inc., Toronto, Canada) for leaves and nee-
dles, respectively. Finally, the leaves and needles were dried in
the oven at 60 °C for at least 72 h and weighed to record the
dry mass. The storing, processing and measuring of SLA were
conducted following Garnier et al. (2001) and Cornelissen et al.
(2003).

Statistical analysis

To test the species richness and species composition effects on
all leaf traits considered for each tree species separately, one-
way ANOVA and the Tukey HSD post hoc test were used after
the transformation of the data, when necessary to meet the
assumption of the parametric statistical tests. The correlations
between the leaf traits were tested with Spearman’s rank

correlation coefficients. The statistical analyses were performed
with R (3.1.2., R Development Core Team 2014).

Results

Forest stands characteristics

Leaf area index, diffuse light non-intercepted by the canopy
(DIFN) and BA of stands are reported in Table 1. Monospecific
stands of P. abies had greater BA and LAI and less DIFN
(although not significant) than monospecific stands of the other
two species. Pinus sylvestris had higher BA, lower LAI and higher
DIFN than B. pendula in monospecific stands. Two-species mixed
stands with B. pendula + P. sylvestris and P. abies + P. sylvestris
had lower LAI than B. pendula + P. abies mixed stands and mixed
stands with three species. In B. pendula + P. abies stands, the
DIFN (less amount of light intercepted by foliage) was higher than
in P. abies + P. sylvestris stands. Furthermore, in mixed stands
B. pendula + P. sylvestris BA was lower than in mixed stands
B. pendula + P. abies and in stands with all three species.

ChlF parameters

The effects of the species richness level and species compos-
ition on ChlF parameters and on the other leaf traits analysed for
each tree species are summarized in Table 1. Betula pendula
(Table 1A) was higher performing in mixed plots: the para-
meters FV/FM, ΨEo, ΔVIP and PIs were significantly higher in two-
species mixed plots than in monoculture. Picea abies (Table 1B)
was lower performing in stands with high diversity (three spe-
cies mixed): PIABS and PITOT were lower in P. abies trees in mixed
stands than in monospecific stands; K-band and ABS/RC, on the
other hand, were higher in mixed stands. The response of P. syl-
vestris (Table 1C) to species richness and species composition
was more complex. In mixtures with B. pendula, P. sylvestris had
significantly higher K-band, ABS/RC and ΔVIP than in mixtures with
P. abies. The values of the ChlF parameters of P. sylvestris mixed
with P. abies were similar to those observed in monocultures,
whereas the ChlF parameters of P. sylvestris mixed with B. pendula
had similar values to those observed in stands with three species.

The electron transport efficiency in the photosynthetic pro-
cesses of the tree species in mixed stands is shown in Figure 1,
where the VOP curves, that is, the comparison between double-
normalized OJIP-ChlF transients (normalization per F0 and FM)
are shown (panels A–C). Positive peaks in the curves indicate
the slowing of electron transport at the points K, J and I in mixed
stands with respect to monocultures; negative peaks (dips) indi-
cate faster electron transport. Negative peaks can be observed
in B. pendula growing in mixed stands. It is remarkable that
P. sylvestris in the two-species mixed stands with B. pendula
showed a positive peak at the K point and a negative peak at the
J and I points. The K-band in P. sylvestris mixed with B. pendula is
shown in Figure 1D.
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Table 1. Descriptive statistics for forest stand parameters (LAI, diffuse light non-interceptance and BA), ChlF parameters (see abbreviations in Table S2
available as Supplementary Data at Tree Physiology Online) and leaf traits (SLA, N and δ13C) (mean ± standard deviation) of each tree species in
relation to species richness level (1-sp = one species; 2-sp = two species; 3-sp = three species) and tree species composition (PA = P. abies; PS =
P. sylvestris; BP = B. pendula) of the stands.

1-sp 2-sp 2-sp 3-sp ANOVA

BP BP + PA BP + PS BP + PA + PS Richness Composition

(A) Betula pendula
Forest stand parameters

LAI (m2 m−2) 2.33 ± 0.44a 3.2 ± 0.90a 2.24 ± 0.32a 3.34 ± 0.46a 0.146 0.023
Diffuse non-interceptance 0.19 ± 0.07a 0.27 ± 0.02a 0.14 ± 0.06a 0.16 ± 0.09a 0.734 0.127
BA (m2 ha−1) 15.6 ± 1.0b 22.52 ± 5.0a 19.7 ± 1.1ab 25.4 ± 4.1a 0.003 0.005
Prop. BA (%)1 100 28 25 13

ChlF parameters
ABS/RC 1.97 ± 0.29a 1.88 ± 0.28a 2.02 ± 0.24a 2.08 ± 0.21a 0.405 0.162
FV/FM 0.77 ± 0.04b 0.79 ± 0.03a 0.8 ± 0.02a 0.78 ± 0.03ab 0.022 0.051
K-band 0.38 ± 0.04a 0.37 ± 0.05a 0.4 ± 0.04a 0.41 ± 0.03a 0.138 0.105
ΨEo 0.5 ± 0.07b 0.56 ± 0.07ab 0.58 ± 0.05a 0.55 ± 0.08ab 0.003 0.008
ΔVIP 0.18 ± 0.04b 0.22 ± 0.05a 0.23 ± 0.04a 0.21 ± 0.06ab 0.003 0.813
PIABS 22.3 ± 12.7a 30.5 ± 11.4a 30.2 ± 8.9a 25 ± 12.0a 0.061 0.132
PITOT 13.2 ± 8.9b 20.5 ± 9.6a 19.6 ± 5.6a 16.5 ± 7.9ab 0.028 0.066

Leaf traits
SLA (m2 kg−1) 14.9 ± 0.61a 14.12 ± 0.36b 13.99 ± 0.30b 13.88 ± 0.36b 0.02 0.81
N (%) 2.38 ± 0.15a 2.57 ± 0.26a 2.3 ± 0.28a 2.55 ± 0.08a 0.605 0.292
δ13C (‰) −29 ± 0.24a −29.9 ± 0.96a −29.2 ± 0.46a −29.2 ± 0.52a 0.567 0.389

(B) Picea abies
Forest stand parameters

LAI (m2 m−2) 3.61 ± 0.40a 2.71 ± 0.55a 3.26 ± 0.99a 3.34 ± 0.46a 0.299 0.296
Diffuse non-interceptance 0.20 ± 0.12a 0.10 ± 0.03a 0.27 ± 0.03a 0.17 ± 0.09a 0.882 0.098
BA (m2 ha−1) 28.8 ± 2.2a 26.06 ± 1.3a 22.5 ± 5.0a 25.4 ± 4.1a 0.166 0.151
Prop. BA (%)1 100 60 72 38

ChlF parameters
ABS/RC 1.62 ± 0.14b 1.67 ± 0.15b 1.7 ± 0.19ab 1.86 ± 0.18a <0.001 0.033
FV/FM 0.82 ± 0.02a 0.81 ± 0.01a 0.81 ± 0.02a 0.8 ± 0.02a 0.099 0.182
K-band 0.34 ± 0.02b 0.34 ± 0.03b 0.35 ± 0.04b 0.37 ± 0.03a 0.001 0.054
ΨEo 0.57 ± 0.04a 0.56 ± 0.04a 0.58 ± 0.05a 0.55 ± 0.05a 0.231 0.323
ΔVIP 0.22 ± 0.02a 0.21 ± 0.02a 0.22 ± 0.04a 0.21 ± 0.04a 0.466 0.533
PIABS 43.4 ± 11.4a 36.8 ± 8.9ab 41.7 ± 12.5ab 30.5 ± 7.6b 0.005 0.009
PITOT 27.4 ± 9.0a 23 ± 6.5ab 26.9 ± 10.0ab 19.1 ± 7.6b 0.018 0.036

Leaf traits
SLA (m2 kg−1) 2.99 ± 0.32a 2.92 ± 0.09a 3.01 ± 0.14a 3.12 ± 0.28a 0.49 0.355
N (%) 1.15 ± 0.10a 1.12 ± 0.07a 1.09 ± 0.09a 1.15 ± 0.07a 0.455 0.689
δ13C (‰) −28 ± 0.11a −28.3 ± 0.18a −28.3 ± 0.57a −28 ± 0.34a 0.322 0.559

(C) Pinus sylvestris
Forest stand parameters

LAI (m2 m−2) 1.94 ± 0.33b 2.71 ± 0.55ab 2.24 ± 0.32b 3.34 ± 0.46a 0.002 0.003
Diffuse non-interceptance 0.20 ± 0.04a 0.11 ± 0.04a 0.15 ± 0.06a 0.17 ± 0.09a 0.347 0.466
BA (m2 ha−1) 20.6 ± 5.1a 26 ± 1.3a 19.7 ± 1.15a 25.4 ± 4.1a 0.288 0.046
Prop. BA (%)1 100 40 75 49

ChlF parameters
ABS/RC 1.7 ± 0.15b 1.72 ± 0.18b 2 ± 0.25a 1.83 ± 0.18a 0.023 0.009
FV/FM 0.82 ± 0.02a 0.81 ± 0.02a 0.81 ± 0.02a 0.81 ± 0.02a 0.218 0.288
K-band 0.35 ± 0.03b 0.35 ± 0.03b 0.41 ± 0.04a 0.38 ± 0.03a 0.042 0.002
ΨEo 0.63 ± 0.04a 0.61 ± 0.06a 0.64 ± 0.06a 0.62 ± 0.04a 0.936 0.393
ΔVIP 0.32 ± 0.05ab 0.3 ± 0.04b 0.37 ± 0.05a 0.35 ± 0.06a 0.21 0.008
PIABS 52.6 ± 12.2a 48.7 ± 16.3a 47.3 ± 13.5a 46.7 ± 12.2a 0.3175 0.488
PITOT 58.7 ± 20.4a 49.8 ± 20.7a 67.6 ± 24.8a 66.6 ± 26.1a 0.722 0.221

(Continued)
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Table 1. (Continued)

1-sp 2-sp 2-sp 3-sp ANOVA

BP BP + PA BP + PS BP + PA + PS Richness Composition

Leaf traits
SLA (m2 kg−1) 3.61 ± 0.07a 3.69 ± 0.06a 3.55 ± 0.12a 3.63 ± 0.07a 0.954 0.2
N (%) 1.08 ± 0.10b 1.2 ± 0.03b 1.21 ± 0.08b 1.35 ± 0.09a 0.002 0.044
δ13C (‰) −28 ± 0.22a −28.1 ± 0.25a −27.7 ± 0.33a −27.6 ± 0.39a 0.102 0.253

For SLA, N and δ13C, we used data at stand level (n = 4 per each species richness level and per each species composition type); for ChlF parameters,
the data were at tree level (n = 12 per each species richness level and per each species composition type). Different letters on the row indicate signifi-
cant differences (P < 0.05) between species richness levels and species composition. P values (one-way ANOVA) of the effect of species richness and
composition on forest stand parameter, ChlF parameters and leaf traits are indicated. Significance for P < 0.05 is indicated in bold.
1Proportion (%) of the BA of a given species in the different species composition of the stand.

Figure 1. VOP curves of tree species in different species richness level and composition of the stand (A–C). VOP curves were calculated after the normal-
ization of the OJIP-ChlF transient emission between F0, assumed equal to 0 and FM assumed equal to 1. For each time-point between 0 and 1, we calcu-
lated the relative variable fluorescence (Vt) with the equation: Vt = (Ft − F0)/(FM − F0), where Ft is the fluorescence intensity at any time t, F0 is
minimum fluorescence emission and FM is maximal fluorescence emission. (D) VOJ curve was calculated after normalization of the OJIP-ChlF transient
emission between F0, assumed equal to 0 and FJ, assumed equal to 1. VOJ curve evidences the K-band (K). In brackets is indicated the name of the tree
species included in the species mixture. In (A–C) the VOP curves of Betula pendula (BP), Picea abies (PA) and Pinus sylvestris (PS), respectively, in mixed
stands (2- and 3-species, 2, 3sp) in comparison with monocultures (1sp). J and I indicate the time-step of the fluorescence transient at 2 and 30 ms,
respectively. In (D) the VOJ curves of P. sylvestris, showing the effect of the tree species richness on the electron transport efficiency at the beginning of
the electron transport process (K-band). Straight lines (‘0’ on the y-axis) represent the electron transport efficiency of P. sylvestris in monoculture,
assumed as reference.
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Leaf traits: nitrogen content, carbon isotope composition
and SLA

In B. pendula trees, SLA was significantly higher in those grown
in monospecific stands than those in mixed stands (Table 1A).
Leaf N content and δ13C in B. pendula were not affected by
stand species richness and species composition. In P. abies,
SLA, N and δ13C had similar values in trees grown in monospe-
cific and mixed stands (Table 1B), whereas in P. sylvestris, N
was higher in three-species mixed stands than in two-species
mixed and monospecific stands (Table 1C).
In B. pendula, N showed a positive significant correlation with

FV/FM and a negative one with ABS/RC and K-band; in P. abies,
N was negatively correlated with ΨEo, ΔVIP, PIABS and PITOT
(Table S3 available as Supplementary Data at Tree Physiology
Online); δ13C was positively correlated with ΔVIP in P. sylvestris
and negatively with ΨEo, ΔVIP, PIABS and PITOT in P. abies
(Table S3 available as Supplementary Data at Tree Physiology
Online). Moreover, in the two coniferous species δ13C was posi-
tively correlated with N, while in B. pendula δ13C resulted nega-
tively correlated to SLA (Table S3 available as Supplementary
Data at Tree Physiology Online).

Discussion

After removing the dynamic and chronic photoinhibition of
leaves, by means of their long dark-adaptation period, we can
accept that ChlF responses of leaves reflect the structural and
functional properties of the photosynthetic apparatus and its
strategy of acclimation to environmental factors during the whole
period of leaf development (Pollastrini et al. 2016a, 2016c).
This study showed that in a forest ecosystem with homogen-

ous climate and soil conditions, the leaf traits of tree species in
mixed stands are affected by the species richness and specific
composition of the stands. In P. sylvestris and, partially in B. pen-
dula, the changes in ChlF parameters and leaf traits detected in
the boreal forest were driven by species composition of the
stand rather than the number of species mixed (species
richness).
Pinus sylvestris showed two distinct patterns in response to

stand composition. Mixed with B. pendula and in the three-
species mixed stands, we observed an increase of the K-band,
ABS/RC and ΔVIP with respect to the mixture with P. abies and in
monocultures. In previous works, it has been shown that the eco-
logical conditions that provoke an increase of ΔVIP values are
related to mineral nutrition, with special reference to N availabil-
ity (Nikiforou and Manetas 2011) and to high solar radiation
(Cascio et al. 2010). Heat stress (Srivastava et al. 1997) and
high light (Desotgiu et al. 2012), on the other hand, are known to
be able to increase the relative fluorescence emission at 300 μs
(K-band). In our study, the enhanced ΔVIP, combined with the
high value of K-band, suggests the role of solar radiation as the
driver of these photochemical responses. Both P. sylvestris and

B. pendula are more light-demanding species than P. abies, and
in their mixed stands LAI had low values, allowing the penetra-
tion of sunlight through the canopies, as highlighted by higher
values of DIFN (although not significant). The low density of the
canopy of B. pendula leads to better exploitation of solar energy
by P. sylvestris.

Besides, the different phenology of the two species induces
longer sun exposure of P. sylvestris foliage in spring, when
B. pendula leaves have not sprouted yet. In P. sylvestris, δ13C was
positively related to ΔVIP. An increment of ΔVIP combined with an
increase of leaf δ13C, in conditions of mild water stress, was
observed before by Pollastrini et al. (2010) and may indicate an
enhanced requirement of photosynthetic efficiency for better car-
bon exploitation when stomata are closed (Francey and Farquhar
1982, Keitel et al. 2003). The higher light availability in P. sylves-
tris + B. pendula stands (lower LAI) may affect the increase of
δ13C in P. sylvestris needles in two ways: through stomatal clos-
ure induced by drier conditions in the canopy (with a high vapour
pressure deficit between the inside and outside of the canopy),
with a consequent decrease of stomatal conductance of water
vapour (gs); or through the increase of the rates of photosyn-
thesis (Pn), as consequences of higher radiation interception
(Gessler et al. 2001). Both processes, which cause the decrease
of CO2 concentration in the leaf (increase of Pn or decrease of
gs) and in the needles of P. sylvestris, are influenced by the radi-
ation intercepted by the trees and then by the species compos-
ition of the stands. The positive relationship between needle
δ13C and N content found in P. sylvestris suggests an increase of
Pn, driven by an increase of photosynthetic enzymes and then of
N amount, rather than a decrease of gs. Finally, the greater N con-
tent in leaves of P. sylvestris growing in more diverse stands may
be related to the rates of litter decomposition of different types of
leaves (Augusto et al. 2015). As is known, the plant diversity
affects indirectly the decomposition and, consequently, the min-
eralization rate and the N cycling in the soil, via changes in under-
story environmental conditions (Scherer-Lorenzen 2008).

In B. pendula, the low photochemical efficiency observed in
monospecific stands confirms the better conditions for growth
and productivity of this species in mixed forests (Hynynen et al.
2010). In B. pendula trees, the SLA values were highest in
monospecific stands and it was negatively correlated with ChlF
parameters and δ13C, pointing out the non-optimal conditions
for growth in pure stands.

In P. abies, photosynthetic efficiency declined in mixed stands.
The negative correlations between the δ13C and ChlF para-
meters may be related to the below ground competition for
water available in the soil (Grossiord et al. 2014b), but we can-
not exclude the influence of high light on the increase of δ13C.
Leaf area index was lower (albeit not significantly) in mixed
stands of P. abies than in the monospecific stands. In conditions
of more light availability, generally, the net photosynthesis of
trees is high, with high N content that can drive an increase of
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leaf δ13C (Gessler et al. 2001). No significant changes in the
photochemical properties (ChlF parameters) were found in
P. abies needles when this species coexists with either P. sylves-
tris or B. pendula. In fact, P. abies is a competitive species for
above ground space (Kozovits et al. 2005), is shade-tolerant,
with low sensitivity to the effects of neighbouring trees.
An overall evaluation of the leaf traits presented in this study

suggests different responses of the light-demanding species
(B. pendula and P. sylvestris) and the shade-tolerant tree species
(P. abies) to stand composition. The first group of species was
positively influenced by tree species composition for the exploit-
ation of solar radiation. In the shade-tolerant species, on the
other hand, the leaf traits were affected by species richness but
not by species composition of the stands.
Finally, the spectral composition of the light, beside the inten-

sity, plays a relevant role in morphogenesis of leaves, affecting
their morphological and physiological characteristics (Xu et al.
2009). Leaves absorb more red than far-red light and, therefore,
in stands with more dense canopies, and within the crowns of
trees, is greater the ratio far-red/red light at forest floor and
within the canopies (Jordan 1969), inhibiting growth and func-
tioning (Ballaré et al. 1987).

Conclusions

The combined analysis of selected ChlF parameters and leaf
traits may help to explore the photosynthetic responses of tree
species to forest tree diversity. In this way, we can individuate
the most suitable species composition and, consequently, the
structure of stands to minimize the impacts of stressful environ-
ments and climate change on forests.
Future research directions claim to enhance the informative

potential of the methods to analyse tree responses to environ-
ment, including a broader set of plant traits, such as those related
to growth, species assemblage and ecological requirements.

Supplementary Data

Supplementary Data for this article are available at Tree
Physiology Online.
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