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Abstract

« Key message A positive effect of mixed pine forests (Pinus sylvestris L. and Pinus pinaster Ait.) on the understory richness
and tree regeneration was observed with respect to monospecific stands. Understory species typical of the native
Pyrenean oak forests in the Iberian Peninsula contribute to maintaining high understory richness in such mixed pine
forests.

+ Context The influence of stands characteristics on the understory in mixtures that combine coniferous tree species of the same
genus deserves more study since they are frequent in Spain.

« Aims To assess the effect of mixed versus monospecific stands of Pinus sylvestris L. and Pinus pinaster Ait. on the main tree
species regeneration and understory species composition.

« Methods Tree regeneration and understory species composition were inventoried in eighteen forest plots (6 triplets) in North-
Central Spain. Each triplet consisted of two plots dominated either by Scots pine or Maritime pine and one mixed plot that
contained both species.

+ Results The basal area (%) of both Pinus species was the only characteristic of the stands that significantly influenced the
understory composition and tree regeneration. Characteristic species of humid and temperate zones, including P. sylvestris regen-
eration, dominated in Scots pine stands, and typical species of well-drained Mediterranean areas, including P. pinaster regener-
ation, dominated in Maritime pine stands. In mixed stands, the highest regeneration of the native Pyrenean oak with respect to
monospecific stands was accompanied by understory species typical of native oak forests that share the same regeneration niche.
« Conclusion Mixed pine forests allow the development of understory species better than monospecific forests.

Keywords Mixed pine forests - Pinus sylvestris - Pinus pinaster - Pyrenean oak regeneration - Niche amplitude - Understory
richness
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1 Introduction

The management of mixed forests is becoming a new para-
digm (Bravo-Oviedo et al. 2014) in order to improve natural
tree regeneration (Carnevale and Montagnini 2002; Lof et al.
2018), soil conditions (Brandtberg et al. 2000), and the provi-
sion of many high-value ecosystem services, including carbon
sequestration (Gamfeldt et al. 2013; Lopez-Marcos et al.
2018) or biodiversity conservation (Barbier et al. 2008;
Gomez-Aparicio et al. 2009; Cavard et al. 2011; Felton et al.
2010; Korboulewsky et al. 2016); additionally, under certain
conditions, mixed forests can produce higher yields than
monocultures (Gamfeldt et al. 2013; Jactel et al. 2018;
Pretzsch et al. 2010; Saetre et al. 1997; Toigo et al. 2015).

Since the overstory tree species differ in their effects on
microclimatic and edaphic conditions, it has been suggested
that the environment in mixed stands is more heterogeneous
compared with monocultures (Barkman 1992; Saetre et al.
1997). Thus, mixed stands have the potential to host a more
heterogeneous and species-rich flora (Hill 1992; Saetre et al.
1997). Additionally, the greater variability of habitat condi-
tions in mixed stands than in monospecific stands may be a
favorable condition for seed dispersers, and germination and
growth of native tree species (Carnevale and Montagnini
2002). The structure of the stands can also influence the es-
tablishment of native species through biotic interactions such
as competition (Grace and Tilman 2003) and facilitation
(Brooker et al. 2008; Bruno et al. 2003; Callaway 2007).
Therefore, regeneration of mixed forests has become an im-
portant topic of practical concern throughout the world (Lof
et al. 2018).

The mass ratio hypothesis predicts that the ecosystem func-
tion is driven by the (traits of the) most abundant species in
plant communities (Ali and Yan 2017; Grime 1998), such as
specific leaf area or leaf nitrogen and phosphorus concentra-
tions (Ali and Yan 2017). This hypothesis uses the relative
abundance of each plant species to predict the effect of the
most abundant species of plant communities on the ecosystem
functions and services, like biodiversity (Ali and Yan 2017,
Grime 1998). The application of this hypothesis is restricted to
the role of autotrophs in ecosystem processes, and it postulates
that the relationships between plant diversity and ecosystem
properties can be explored by classifying species into catego-
ries, as dominants and subordinates (Grime 1998). Dominants
are relatively large and make a substantial contribution to the
plant community biomass, whereas subordinates show high
fidelity of association with particular vegetation types but they
are smaller and tend to occupy microhabitats delimited by the
architecture and phenology of their associated dominants
(Grime 1998).

Most reports of the overstory-understory relationship in
mixed forests focus on mixtures that combine deciduous-
coniferous tree species (Barbier et al. 2008; Cavard et al.
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2011; Inoue et al. 2017; Saetre et al. 1997, 1999). They test
the overstory effect on the understory biomass, songbirds, soil
fauna, and ectomycorrhizae (Cavard et al. 2011), cover and
structural heterogeneity (Saetre et al. 1997), plant biodiversity
and the associated mechanisms (Barbier et al. 2008;
Rodriguez-Calcerrada et al. 2011), the spatial relationship be-
tween the overstory and understory species distribution and
soil nitrogen availability (Inoue et al. 2017), soil fauna diver-
sity (Korboulewsky et al. 2016), or soil microbial biomass and
activity (Saetre et al. 1999). However, the effect of the stand
characteristics on the understory in mixtures that combine
coniferous tree species or even tree species of the same genus
remains virtually unknown (but see Mestre et al. 2017 and
Lépez-Marcos et al. 2019). This is so despite these mixtures
being frequent in many environments, such as the admixtures
of Scots pine (Pinus sylvestris L.) and Maritime pine (Pinus
pinaster Ait.) in Spain. Both Pinus species show similar
crown architecture and slight differences in shade tolerance
(Riofrio et al. 2017a) but differ in water-stress tolerance
(Lépez-Marcos et al. 2019). They are two of the main forest
species in Spain and grow in pure and mixed stands either
naturally or as a result of species selection for afforestation
(Serrada et al. 2008).

On the other hand, the facilitating effect of Pinus spe-
cies in succession processes has already been well ex-
plored among restoration strategies such as the reintroduc-
tion of endangered tree species through the use of assisted
regeneration; thus, the ecological and functional role of
certain pioneer species may be of vital importance for
the reestablishment of native ecosystems (Aguirre et al.
2006; Arrieta and Suarez 2006; Avendafio-Yafnez et al.
2016). Nevertheless, the use of evergreen conifers as
nurse plants to establish Quercus spp. could reduce the
cover of the understory and its species content (Pigott
1990). Additionally, the identification of realized niches
of understory plant species and knowledge of their com-
position and dynamics can be important information to
consider in the prediction models of potential responses
to climate change (Olthoff et al. 2016).

Based on the same experiment, we found that the compo-
sition of the overstory (i.e., the proportion of Pinus species)
influenced the Raunkizr’s life-forms composition of the un-
derstory, with the abundance of hemicryptophytes being
greater in mixed stands (Lopez-Marcos et al. 2019). The ef-
fects of mixed versus monospecific stands on the understory
were also related to soil water and fertility status (see also
Lépez-Marcos et al. 2019). In particular, mixed stands occu-
pied areas with intermediate soil moisture whereas P. pinaster
tolerated lower soil water content than P. sylvestris. The or-
ganic carbon and exchangeable magnesium stocks were also
higher in mixed stands (see also Lopez-Marcos et al. 2018). In
the present paper, we addressed the influence of a mixture of
these two widely distributed pine species (P. sylvestris and
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P, pinaster) on the understory plant community composition
(at the species level) and the regeneration of main tree species,
including native Quercus species, compared with monospe-
cific stands. For that, we used the same sampling design in
triplets (monospecific P. sylvestris, monospecific P. pinaster,
and mixed P. sylvestris p. pinaster plots), well balanced for
stand composition but not necessarily for other stand charac-
teristics. The aims of this study were (i) to test the effect of
stands characteristics on species composition in the understory
and tree regeneration; (ii) to model the response of distinct
understory species and tree species regeneration to stands
characteristics; and (iii) to estimate the niche amplitude of
the main understory species, including tree regeneration,
with respect to the stands characteristics. We hypothesized
that (1) the proportion of Pinus species in the overstory is
the most influential stands characteristic on the understory
composition and tree regeneration according to previous
studies; (2) the mixture of pine species favors the regener-
ation of native tree species like Pyrenean oak; and (3) the
regeneration of native Pyrenean oak is accompanied by a
group of associated understory species that contribute to
maintain a high understory species richness in mixed
stands as in monospecific P. sylvestris stands.

2 Material and methods
2.1 Study sites

The research was carried out in eighteen forest plots (6 trip-
lets) located in the Northern Iberian Range, in North-Central
Spain (41° 47" 35" N and 41° 53" 41” N latitude, and 2° 56’
12" W and 3° 20" 46” W longitude; see Lopez-Marcos et al.
2018, 2019). The climate is temperate with dry or temperate
summer (Cfb, Csb) according to the Koppen (1936) classifi-
cation for the Iberian Peninsula. The mean annual temperature
is 9.0 °C and the annual precipitation around 800 mm. Plots
are located at an elevation ranging from 1093 m to 1277 m
a.s.l. Soils are acidic with mostly sandy texture and medium to
low water retention capacity (see Lopez-Marcos et al. 2018,
2019). Nearby climax vegetation (Rivas-Martinez 1987),
highly degraded by anthropogenic action, is characterized by
Pyrenean oak forests (Luzulo forsteri-Quercetum pyrenaicae
S. and Festuco heterophyllae-Quercetum pyrenaicae S.) or
juniper forests (Juniperetum hemisphaerico-thuriferae S.).
Each triplet consisted of three circular plots of 15 m radius,
including two plots dominated either by Scots pine or mari-
time pine and one mixed plot that contained both species,
located less than 1 km from each other so that the environ-
mental conditions were homogeneous within triplets although
they could differ among distinct triplets (see Lopez-Marcos
et al. 2018 for differences in soil properties). The sampling
design in triplets was well balanced for stand composition (six

repetitions per stand type) but not necessarily balanced for
other stand characteristics (i.e., density, total basal area, dom-
inant height, mean quadratic diameter, age) that were intended
to be similar within the triplet (avoiding biases in the sampling
design) but differed between triplets to be able to be contrasted
(see Table 3 in Annex). The percentage of the basal area (%QG)
of the dominant species in the monospecific plots was greater
than 83% or 95% for P. sylvestris or P. pinaster respectively,
whereas the basal area percentage of both species in the mixed
plots ranged from 33 to 67%. The age of the selected plots
ranged between 44 and 151 years, the stand density between
509 and 1429 trees ha ', the basal area between 33.3 and
70.30 m? haﬁl, and the dominant height between 15.60 and
25.04 m. Traditionally, forest management consists of strip
clear-cutting with soil movement and planting or sowing
when necessary, and moderate thinning from below (Rioftio
et al. 2019). The stands have had no silvicultural intervention
or damage in the last 10 years (Lopez-Marcos et al. 2018).
There were no statistical differences in the distance between
the plots of the three stands types and forests of other tree
species (Quercus pyrenaica Willd., Q. faginea Lam., or
Juniperus spp.; see Fig. 5 in Annex). Triplets belong to the
network of permanent plots of the Sustainable Forest
Management Research Institute UVa-INIA (iuFOR), and they
have been previously used in a series of recent studies (Riofrio
et al. 2017a, b, 2019; Cattaneo 2018; Lopez-Marcos et al.
2018, 2019).

2.2 Sampling of understory vegetation and tree
regeneration

Within each plot, 10 quadrats (1 m x 1 m) were randomly
selected and the vertical projection cover (%) of every under-
story vascular plant species, including tree regeneration, and
bryophytes was estimated visually by the same observer in
June 2016 (Lopez-Marcos et al. 2019) to encompass and iden-
tify the maximum number of vascular plant species (Alday
et al. 2010). Vascular plant species nomenclature follows
Tutin et al. (1964—1980) and bryophytes nomenclature fol-
lows Crosby et al. (1992). The number of individuals
(stems) of the tree regeneration was also counted within each
quadrat. Tree regeneration included the main tree species
found at seedlings/saplings stages (i.e., P. sylvestris,
P. pinaster, Q. pyrenaica, and Q. faginea) because no old
regeneration was found (it had probably been cleared by man-
agement for fire prevention); only seven old individuals of
Juniperus oxycedrus L. were found that were considered to
be part of the understory (height <1 m) but not as regenera-
tion, thus estimating their cover but not counting them as
individuals. In these stands, there were no subordinate tree
species. Only two layers of vegetation could be distinguished
(overstory and understory): the overstory measuring c.a. 20 m
and the understory never higher than 1 m.
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2.3 Data analyses

The cover (%) of each species and density of main tree species
regeneration (i.e., P. sylvestris, P. pinaster, Q. pyrenaica, and
0. faginea) in each plot were calculated as the average of the
10 quadrats. Richness was calculated as the total cumulative
number of plant species in the 10 quadrats per plot (Colwell
2009), including understory vegetation and tree regeneration.
Although several indices of diversity were tested, only the
number of species showed any difference among stand types
and thus is shown in results.

To identify the characteristics of the stands that deter-
mine the understory plant species composition, a
detrended correspondence analysis (DCA) was applied
on the matrix of the cover of the understory plant species
(30 species x 17 plots). To assist in the interpretation of
the ordination axes, the stand characteristics and tree re-
generation were fitted as vectors onto the DCA ordination
plot using the vegan “envfit” function (Oksanen 2016).
The advantage of this method is that it allows for testing
the significance of each vector adjusted by 9999 permuta-
tions, with the R* of each variable able to be calculated.
The explanatory variables considered in the analysis were
(1) the stands characteristics: normal age (age: years),
density (N: trees ha "), total basal area (G: m? ha '), dom-
inant height (Ho: m), quadratic mean diameter (dq: cm),
and the percentage of basal area (%G) of P. sylvestris and
P. pinaster; and (2) the tree regeneration (individuals m %)
of P. sylvestris, P. pinaster, Q. pyrenaica, and Q. faginea.
Additionally, in order to relate overstory composition to
tree regeneration and tree regeneration to main understory
species, Pearson’s correlation coefficients (p <0.05) be-
tween the regeneration density of the main tree species
(P. sylvestris, P. pinaster, and Q. pyrenaica) and the per-
centages of basal area of P. sylvestris and P. pinaster, as
well as between the regeneration cover (%) of main tree
species and the cover (%) of main species of the under-
story, were calculated.

The response of understory plant species (total species rich-
ness and individual species cover) and tree regeneration (den-
sity: individuals m?) with respect to the significant stand
characteristics (i.e., the overstory composition by means of
the percentage of basal area of P. pinaster) were modeled by
Huisman-Olff-Fresco (HOF) models (Huisman et al. 1993).
These are a hierarchical set of five response models, ranked by
their increasing complexity (model I, monotone trend, i.e.,
with constant abundance; model 11, increasing or decreasing
trend where the maximum is equal to the upper bound; model
III, increasing or decreasing trend where the maximum is be-
low the upper bound; model IV, symmetrical response curve;
Model V, skewed response curve). The Akaike information
criterion (AIC; Akaike 1973) was used to select the most
appropriate response model (Johnson and Omland 2004);
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smaller values of AIC indicate better models. HOF models
were validated using “bootstrapping” because the frequency
of appearance of 33% of species in the plots was low (< 10%;
mostly for species following HOF model I). Finally, the loca-
tion of species optima (1) and niche widths (2t) for those
species with unimodal responses were derived from the
HOF models (Lawesson and Oksanen 2002). The 2t values
were found by solving for the gradient points of the fitted
HOF model relative to a strict Gaussian model at 2t
(Lawesson and Oksanen 2002). In the case of a symmetric
unimodal response, the lower and upper ¢ values are identical,
while with a skewed model, the 2t intervals are not necessarily
equal.

All statistical analyses were implemented in the R soft-
ware environment (version 3.3.3; R Development Core
Team 2016) using the vegan package for multivariate
analyses (version 2.3-5; Oksanen 2016), and the eHOF
package for HOF models (version 3.2.2; Jansen and
Oksanen 2013). One monospecific plot of P. sylvestris
was considered an outlier and excluded from all analyses
because it was the only one that presented aquic condi-
tions (see Lopez-Marcos et al. 2019). Soils that have an
aquic moisture regime are saturated long enough to cause
anaerobic conditions (Soil-Survey-Staff 2014).

3 Results

3.1 Effects of stand characteristics on the understory
vegetation

The DCA ordination produced eigenvalues (\) of 0.50 and 0.35
for the first two axes, with gradient lengths of 2.62 and 2.52 SD
units, respectively (Fig. 1). The adjustment of explanatory var-
iables on the biplot ordination showed how the percentages of
the basal area (%G) of P. sylvestris and P. pinaster were the
stands characteristics that explained most variability (0.7 in
both cases), with both showing an opposite tendency (Fig. 1).
This suggests a gradual change in the composition of the un-
derstory related to the overstory composition. The other char-
acteristics of the stands were not significantly correlated with
the DCA ordination, and thus they are not displayed in results
(but see Table 1). Thirty understory species from twenty-one
families were recorded, with Ericaceae being the most frequent
(88%) and abundant (24%) taxonomical group, with greater
cover in monospecific stands of P. pinaster (29%) and mixed
stands (26%), followed by bryophytes (Hypnaceae; 94% fre-
quency and 5% cover), most abundant in monospecific stands
of P, sylvestris (15%). Rosaceae was more abundant in mono-
specific stands of P. sylvestris (2.4%) and mixed stands (1.8%),
and Poaceae in mixed stands (6.3%). A wide group of families
displayed residual cover (< 1%; Aquifoliaceae, Asteraceae,
Caryophyllaceae, Fabaceae, Geraniaceae, Juncaceae,
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3 Table 1 Explanatory variables fitted as vectors onto the DCA
Hy ordination plot using the vegan “envfit” function. Significance of each
CIPR Py vector adjusted by 9999 permutations and R* of each variable. N: density
2 A i Al % Aica (trees haﬁl), G: total basal area (m2 haﬁl), Ho: dominant height (m), dq:
Sami quadratic mean diameter (cm), age: normal age (years); %G PS: the
4 Ptaq s Gero percentage of basal area of Pinus sylvestris, %G PP: the percentage of
1] . Hysp o A basal area of P. pinaster; and the tree regeneration density (individuals
%G Fjnussylvestris = ¢ Gasa A Mepa m™?) of P. sylvestris, P. pinaster, Q. pyrenaica, and Q. faginea
= Vimo 4 Pomo\ * e rmo a Qufa
™ \ . 2
s s llaq ‘cho \ * Agca * L.ocd ArAU\Cavu DCAL1 DCA2 R p
0 - o’ ®Defl
q Juox @ A"Cila Stand characteristi
S s Sima @ » and characteristics
= X s Pipi %G PS -0.544 0.839 0.484 0.019 *
o A
-1 1 s O Erau %G Pinuspinaster %G PP 0.544 —0.839 0.484 0.019 *
P‘ovu N (trees ha ') -0.114 —0.993 0.309 0.087
E G (m* ha") —0.751 —0.665 0.237 0.160
2 4 a Erar
o e Ho (m) —0.829 0.559 0.305 0.081
oMM dq (cm) -0.524 0.851 0.162 0.298
2 ' ' ' ' PPl Age (years) —0.744 0.668 0360  0.090
-3 -2 -1 0 1 2 3 Tree regeneration density (ind/m?)
DCA1 (0.50) P, sylvestris 0.284 0.959 0.365 0.015 *
Fig. 1 DCA biplot of plots and species and projection of the significant P pinaster 0.977 -0.212 0.583 0.001 ok
two significant explanatory variables (p < 0.05 and explained variation > Q. pyrenaica —0.556 —0.831 0.413 0.011 *
50%). Stands characteristics other than %G of Pinus sylvestris and %G of 0. faginea 0.985 0.171 0.602 0.004 %

Pinus pinaster were not significantly correlated with the DCA axes. PS
Pinus sylvestris monospecific plots, PP Pinus pinaster monospecific
plots, and MM mixed plots of the two Pinus species. Species codes:
Agca (Agrostis castellana Boiss. & Reut), Aica (Aira caryophyllea L.),
Armo (Arenaria montana L.), Aruv (Arctostaphylos uva-ursi (L.)
Spreng), Asal (Asphodelus albus Mill.), Cavu (Calluna vulgaris (L.)
Hull), Cila (Cistus laurifolius L.), Defl (Deschampsia flexuosa (L.)
Trin.), Erar (Erica arborea L.), Erau (Erica australis L.), Gasa (Galium
saxatile L.), Gero (Geranium robertianum L.), Hysp (Hypnum spp.),
Hyra (Hypochaeris radicata L.), llaq (Illex aquifolium L.), Juco (Juncus
conglomeratus L.), Juox (Juniperus oxycedrus L.), Loco (Lotus
corniculatus L.), Mepa (Melampyrum pratense L.), Pipi (Pinus pinaster
Aiton), Pisy (Pinus sylvestris L.), Povu (Polygala vulgaris L.), Pomo
(Potentilla montana Brot.), Ptaq (Pteridium aquilinum (L.) Kuhn), Qufa
(Quercus faginea Lam.), Qupy (Quercus pyrenaica Willd.), Sami
(Sanguisorba minor Scop.), Sima (Simethis mattiazzii (Vand.) Sacc.)
and Vimo (Viola montcaunica Pau)

Liliaceae, Poligalaceae, Rubiaceae, Scrophulariaceae,
Violaceae, and Xanthorrhoeaceae).

3.2 Tree regeneration patterns with respect
to the overstory composition

The adjustment of tree regeneration, i.e., density (individuals
m ) of P. sylvestris, P. pinaster, Q. pyrenaica, and Q. faginea
on the DCA ordination (Fig. 2a), showed how tree regenera-
tion was significantly correlated with the understory compo-
sition (r=0.61, p=0.015; »=0.76, p=0.001; r=0.64, p=

0.011; and »=0.78, p = 0.004, respectively), and is also relat-
ed to the tree overstory composition. Indeed, P. sylvestris re-
generation was positively correlated with the percentage of
basal area of P. sylvestris (r=0.48, p <0.05) and negatively
correlated with the percentage of basal area of P. pinaster (r =

—0.48, p=0.03). The P, pinaster regeneration was positively
correlated with the percentage of basal area of P, pinaster (r =
0.46, p <0.05) and negatively correlated with the percentage
of basal area of P. sylvestris (r=—0.46, p <0.05).

On the other hand, the regeneration of distinct tree species
with respect to overstory composition (Fig. 2b) showed four
different types of responses. Q. faginea (HOF model 1)
showed monotone response and is not shown in Fig. 2b; its
presence was sporadic; only 12 individuals were found cov-
ering less than 1%. P. sylvestris showed a decreasing trend
(HOF model I) as the percentage of basal area of P. pinaster
increased. P. pinaster showed an increasing trend (HOF model
IT) as the percentage of basal area of P. pinaster increased.
Lastly, the regeneration of Q. pyrenaica exhibited a symmet-
rical unimodal response curve (HOF model 1V), with higher
density for intermediate percentages of P. pinaster basal area,
i.e., in mixed stands. As a whole, 291 individuals of
P sylvestris, 215 individuals of P. pinaster, and 129 individ-
uals of Q. pyrenaica were recorded.

3.3 Relating the regeneration of main tree species
to the species of the understory

The regeneration cover of P. sylvestris was positively corre-
lated with the cover of some hemicryptophytes (Hypochaeris
radicata, Sanguisorba minor) and some therophytes
(Geranium robertianum, Melampyrum pratense) and nega-
tively correlated with the cover of the chamaephyte Erica
australis (see Table 2). The regeneration cover of P. pinaster
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Fig. 2 a DCA of plots and (a) (b)
projection of the significant
explanatory variables (p <0.05 3
and explained variation > 50%): 1 N 71
“in brow” the %G of Pinus 2 - % & )
sylvestris and %G of Pinus . X £ 6 ]
i “ » %G Pinus Pinus ®
pinaster, and “in green” the tree Sylvestris' ®  sylvesfris s r
regeneration, i.e., individuals m 2 14 . 35 - .
of Pinus sylvestris, Pinus § : 4 Quercus 4 > P. sylvestris
pinaster, Quercus pyrenaica, and = . Ay Ia.g R = 4 -
Quercus faginea. b HOF-derived 9 01 ° A i’
response curves of the regenera- o 1 . 2 3
tion of tree species relative to the e 4 erleeg;(:{csa %G Pinds s
% of G of Pinus pinaster. py“ pinaster 2 2 Q. pyrenaica
Abbreviations as in Fig. 1 Pinus ‘]
; )
-2 A pinaster S ; -
um| @
PP | = 4 \"*\‘*
3 — — T 0+ T ——r—
S 2 4 ¢ 1 2 ’ 0 20 40 60 80 100
DCA1 (0.50)

was positively correlated with the cover of Calluna vulgaris
(chamaephyte) and negatively correlated with the cover of
bryophytes (Hypnum spp.). The regeneration cover of
0. pyrenaica was positively correlated with the cover of some
hemicryptophytes (Viola montcaunica, Polygala vulgaris,
Agrostis castellana) and some shrub species: Erica arborea
(chamaephyte) and Zlex aquifolium (phanerophyte).

3.4 Understory species patterns with respect
to the overstory composition

The understory richness showed a decreasing trend bounded
below the maximum attainable response where the percentage

Table 2 Pearson’s correlation coefficients between the regeneration
cover (%) of main tree species, i.e., Pinus sylvestris (Pisy), Pinus
pinaster (Pipi), and Quercus pyrenaica (Qupy), and the cover (%) of
main understory species. Only significant correlations are shown
(p <0.05). Species codes in Fig. 1

Pisy Qupy Pipi
Agca +0.54
Cavu +0.80
Erar +0.84
Erau —-0.46
Gero +0.69
Hyra +0.46
Hysp —0.48
Ilaq +0.57
Mepa +0.68
Povu +0.55
Sami +0.69
Vimo +0.42
D s 22 INRA
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%G Pinus pinaster

of basal area of P. pinaster was lower (HOF model I1I,
Fig. 3a). Responses of individual species with respect to
the overstory composition separated the understory species
into four groups. Group 1 (HOF model I) included 14 spe-
cies that showed a monotone response and which are not
shown in Fig. 3; they mostly had cover <1%: Arenaria
montana (0.09%), Asphodelus albus (0.24%), Galium
saxatile (0.32%), Geranium robertianum (0.01%),
Hypochaeris radicata (0.10%), Ilex aquifolium (0.06),
Juncus conglomeratus (0.09%), Lotus corniculatus
(0.03%), Melampyrum pratense (0.28%), Polygala
vulgaris (0.18%), Quercus faginea (0.16%), Sanguisorba
minor (0.01%), Simethis mattiazzii (0.12%), and Viola
montcaunica (0.28%). Group 2 (Fig. 3a) contained two
species: P. sylvestris (Pisy; HOF model II) with a decreas-
ing trend as the P. pinaster basal area increased; and
Hypnum spp. (Hysp; HOF model V) with asymmetrical
response curve and with the maximum skewed at the min-
imum P. pinaster basal area. Group 3 (Fig. 3b) included
four woody species showing HOF model II with an increasing
trend as the Pinus pinaster basal area increased, which were
Arctostaphylos uva-ursi (Aruv), Pinus pinaster (Pipi),
Calluna vulgaris (Cavu), and Cistus laurifolius (Cila), and
two species with skewed response curve (HOF model V) with
the maximum at the maximum values of Pinus pinaster basal
area, which were Erica australis (Erau) and Deschampsia
flexuosa (Defl). Lastly, seven species in group 4 (Fig. 3c)
exhibited symmetrical unimodal response curves (HOF
Model 1V): Pteridium aquilinum (Ptaq), Erica arborea
(Erar), Q. pyrenaica (Qupy), Juniperus oxycedrus (Juox),
Aira caryophyllea (Aica), Agrostis castellana (Agca), and
Potentilla montana (Pomo), with optima at different values
of P. pinaster basal area, suggesting a gradual turnover of
these species in response to the overstory composition.
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(a)

(b)

Cover (%)

Cover (%)

Cover (%)

20 40 60 80
%G Pinuspinaster

100

Understory Richness

<« Fig. 3 HOF-derived response curves of understory species (including
tree regeneration) and understory richness relative to the percentage (%)
of basal area (G) of Pinus pinaster; the best HOF model according to the
AIC criterion is showed. Graphs separated for clarity accordingly to dif-
ferent species-response groups. Pinus sylvestris monospecific plots (PS);
Pinus pinaster monospecific plots (PP); Mixed plots of both Pinus spe-
cies (MM). Species codes: Agca (Agrostis castellana Boiss. & Reut),
Aica (Aira caryophyllea L.), Aruv (Arctostaphylos uva-ursi (L.)
Spreng), Cavu (Calluna vulgaris (L.) Hull), Cila (Cistus laurifolius L.),
Defl (Deschampsia flexuosa (L.) Trin.), Erar (Erica arborea L.), Erau
(Erica australis L.), Hysp (Hypnum spp.),Juox (Juniperus oxycedrus
L.), Pipi (Pinus pinaster Ait.), Pisy (Pinus sylvestris L.), Pomo
(Potentilla montana Brot.), Ptaq (Pteridium aquilinum (L.) Kuhn),
Qupy (Quercus pyrenaica Willd).

3.5 Species optima and niche widths with respect
to overstory composition

The location of the optimum of the understory species with
unimodal response with respect to the overstory composition
(percentage of P. pinaster basal area; Fig. 4, and Table 4 in
Annex) showed how the two species with the greatest probability
of occurrence (> 15) had their optima in monospecific stands:
the bryophyte Hypnum spp. with optimum in monospecific
stands of P. sylvestris (11 <33% of P. pinaster basal area), and
the chamaephyte Erica australis with optimum in monospecific
stands of P. pinaster (1> 67% of P. pinaster basal area). Both
species had large niche widths (2t of 42.55 and 43.50, respec-
tively) and also appear in mixed stands. Juniperus oxycedrus and
Pteridium aquilinum with intermediate probability of occurrence
(7 < h<15) had narrow niche widths (2t of 3.21 and 13.95,
respectively) and optima (1 <33% of P. pinaster basal area) in
monospecific stands of P sylvestris. Lastly, six species (Erica
arborea, Quercus pyrenaica, Aira caryophyllea, Agrostis
castellana, Potentilla montana, and Deschampsia flexuosa) with
low probability of occurrence (% < 7) have their optimum mostly
in mixed stands (;x=30-70% of P. pinaster basal area) and
showed, in general, large niche widths and appear in two or three
types of stands.

4 Discussion

4.1 Stand characteristics that influence
the understory

Our results showed how the percentage of basal area (%G) of the
two Pinus species (P, sylvestris and P, pinaster) is the only char-
acteristic of the stand, among the variables tested in this study,
which significantly influenced the understory composition and
tree regeneration, in agreement with hypothesis 1. The other
stands characteristics tested (i.e., density, total basal area, domi-
nant height, mean quadratic diameter, age) had no detectable
influence on the understory because the tree species composition
was the main varying factor (see Lopez-Marcos et al. 2018).
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Fig. 4 Location of species optima and 2t (tolerance) intervals relative to
the percentage of basal area of Pinus pinaster, according to fitting of HOF
models. Species codes as in Fig. 1

Mestre et al. (2017) also reported that the overstory composition
greatly influences the understory in southern temperate forests.
The question that arises would therefore be how the tree species
of the canopy exert their effect on the understory.

According to the mass ratio hypothesis (Ali and Yan 2017;
Grime 1998), the dominant overstory species, P. pinaster and
P, sylvestris, could exert their effect on the properties of the
ecosystem, such as biodiversity, and on subordinate species,
i.e., species of the understory, through traits of the dominant
species, such as leaf nitrogen concentration or microhabitats
provided by such traits. Indeed, in the same experimental de-
vice, we found a significant positive correlation between the
percentage of basal area of P, pinaster and the C/N ratio of the
fresh leaf litter (see Lopez-Marcos et al. 2018). This finding
suggests that the C/N ratio of the fresh leaf litter of dominant
tree species, as a proxy of the leaf litter decomposition rate
(Wang et al. 2016), could be one of the drivers of understory
composition; the higher the C/N ratio is, the more recalcitrant
the leaf litter, i.e., in monospecific stands of P. pinaster
(Herrero et al. 2016), and in turn the lower C input into the
soil as humic substances. Additionally, the tree species of the
canopy can exert their effect on the understory by their influ-
ence on other soil properties such as water content. In the same
experimental device, the overstory composition was related to
soil water content (Lopez-Marcos et al. 2019), indicating that
P, pinaster tolerated lower soil water content than P, sylvestris,
whereas mixed stands occupied areas with intermediate soil
moisture. On the other hand, light availability, described as a
control agent on forest regeneration (Rodriguez et al. 2007,
Ruano et al. 2015) and indirectly measured by the total basal
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area, seemed to have no effect on the understory species com-
position and tree regeneration in the studied experimental de-
vice (see Fig. 1 and Table 1). In fact, the mixed stands, with
higher total basal area than monospecific stands of P. sylvestris
(see Table 3 in Annex), maintain a similar understory richness
and greater oak regeneration. Nor did leaf litter accumulation
seem to have an effect on the understory composition and tree
regeneration in our study (see Lopez-Marcos et al. 2019) but
leaf litter composition, as mentioned before.

4.2 Tree regeneration and overstory composition

According to the recruitment network approach described by
Alcantara et al. (2019), a positive relationship is expected
between the abundance (basal area) of canopy species and
the frequency of recruit saplings, bearing in mind that the light
availability (indirectly measured by the total basal area) does
not seem to differ significantly between stand types in our
experimental device so as to limit this assertion. Thus, higher
P, sylvestris regeneration occurs in P. sylvestris monospecific
stands, and higher P. pinaster regeneration occurs in
P, pinaster monospecific stands, although both Pinus species
also regenerated in mixed stands. Nevertheless, the highest
0. pyrenaica regeneration is found in mixed stands despite
the distance to the acorn source is the same in the three stand
types (Fig. 5 in Annex). Taking into account that the distance
to the seed source is one of the most important processes
limiting the recruitment of tree species (Caughlin et al.
2014), the larger distance from the tree source could explain
the scarce and irregular regeneration of Q. faginea and
Juniperus spp. in the study area (Fig. 5 in Annex).

The next question could be why the regeneration of
0. pyrenaica is greater in mixed stands than in the pure stands,
in agreement with Carnevale and Montagnini (2002) who re-
ported that mixed stands facilitate native tree regeneration. In
Mediterranean ecosystems, recruitment relies to a greater ex-
tent on the capacity of seedlings to endure a combination of
multiple stresses and disturbances, such as nutrient or water
shortages, wildfires, or herbivore damage (Rodriguez-
Calcerrada et al. 2008). Acorns depend entirely on animals
for long-distance dispersion (Yu et al. 2014). Many rodent
species, as well as jays, play important roles in the secondary
dispersal of oak species via their hoarding behaviors (Gémez
2003; Yu et al. 2014), and it is generally believed that Quercus
species can colonize the understory of pine forests via the jay-
or rodent-mediated dispersion of acorns (Gomez 2003; Yu
et al. 2014). Moreover, long-distance dispersal events can de-
termine the spatial pattern of seed distribution at the landscape
scale (Gomez 2003). Therefore, one of the issues that deserves
more study is why dispersing animals seem to prefer mixed
stands instead of pure stands to hoar acorns, if that was the
case in the study area. In fact, the greater variability of habitat
conditions in mixed stands than in monospecific stands has
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been described as a favorable condition for seed dispersers
and germination and growth of native tree species
(Carnevale and Montagnini 2002). It could also be that preda-
tion in monospecific stands is higher or emergence lower
(Carnevale and Montagnini 2002), or simply that the higher
soil fertility in mixed stands than in monospecific stands
(Lépez-Marcos et al. 2019) favors oak regeneration.

4.3 Tree regeneration and understory composition

The importance of the understory vegetation on tree regener-
ation has already been described, since the understory directly
influences soil properties such as temperature and moisture
(Rodriguez et al. 2007). Our results showed a relationship
between tree regeneration and understory species composition
(Fig. 2a). In particular, the regeneration cover of P. sylvestris
was positively correlated with the cover of some ruderal spe-
cies, mainly hemicryptophytes (Hypochaeris radicata,
Sanguisorba minor) and therophytes (Geranium robertianum,
Melampyrum pratense), and negatively linked to the cover of
the chamaephyte Erica australis, typical of poor soils (Gil-
Lopez et al. 2017) where P. sylvestris regenerates worst.

The regeneration cover of P. pinaster was positively corre-
lated with the cover of the chamaephyte, Calluna vulgaris,
which has been described as an accompanying species in
Maritime pine forests (Herranz-Sanz et al. 2008), but was
negatively linked to Hypnum spp., mosses with higher mois-
ture requirements than vascular plant species present in
P, pinaster stands.

The Q. pyrenaica regeneration cover was positively corre-
lated with the cover of Erica arborea, Viola montcaunica,
Polygala vulgaris, Agrostis castellana, and llex aquifolium.
All these species have already been described as typical of
the Pyrenean oak native forests of the Iberian Peninsula
(Velasco-Aguirre 2014); thus, they share with Q. pyrenaica
the same regeneration niche (see Fig. 4). Mixed stands may
favor the presence of this group of species by providing great-
er soil fertility for intermediate water-stress conditions. This
group of accompanying species for native oak could be re-
sponsible for the maintenance of the understory richness in
mixed stands at the same level as in P. sylvestris monospecific
stands, but under higher water-stress conditions (see Lopez-
Marcos et al. 2019).

4.4 Understory composition change with respect
to the overstory composition

Our results showed a change in the composition of the under-
story in relation to the overstory composition. The absence of
exclusive species in mixed stands could mean that they repre-
sent the transition area where P. sylvestris and P. pinaster co-
exist (meet and integrate), as previously mentioned for mixed
forest of evergreen and deciduous species (Mestre et al. 2017).

As commented above, the overstory composition in the
study area was related to soil water content (Lopez-Marcos
et al. 2019) and the C/N ratio of the leaf litter (Lopez-Marcos
et al. 2018). Consequently, species such as Pteridium
aquilinum, Pinus sylvestris, or Juniperus spp., characteristic
of humid and temperate zones (Rivas-Martinez et al. 2002),
showed most of their niche amplitude in P. sylvestris mono-
specific stands, where soil water retention capacity is higher
and the C/N ratio of the leaf litter is lower (Lopez-Marcos
etal. 2018, 2019). On the opposite end of the gradient, species
such as Erica australis, Arctostaphylos uva-ursi, Pinus
pinaster, Calluna vulgaris, and Cistus laurifolius, characteris-
tic of sandy well-drained Mediterranean areas (Herranz-Sanz
et al. 2008), reached their maximum cover in P. pinaster
monospecific stands, where soil water retention capacity is
lower and the C/N ratio of the leaf litter is higher (Lopez-
Marcos et al. 2018, 2019). In the middle part of this gradient,
that is in the mixed stands, where the tree regeneration cover
of native species such as Q. pyrenaica achieved their maxi-
mum values, the optima of other species such as Erica
arborea, Aira caryophyllea, Potentilla montana, or Agrostis
castellana were found for intermediate values of soil water
retention capacity and leaf litter C/N ratio (Lopez-Marcos
et al. 2018, 2019). The niche amplitude of these species
matches the niche amplitude of the Quercus pyrenaica regen-
eration, encouraging the idea that mixed pine stands allow the
presence of a group of species typical of Pyrenean oak native
forests in the Iberian Peninsula (Velasco-Aguirre 2014), which
are responsible for maintaining understory richness in mixed
stands at the same level as in P, sylvestris monospecific stands
but under higher water-stress conditions (Lopez-Marcos et al.
2019).

4.5 Implications for forest management

It is worth noting here that our results have important impli-
cations for forest management in the context of the supply of
multiple ecosystem services (Gamfeldt et al. 2013), like bio-
diversity conservation. Firstly, the mixture of Scots pine and
Maritime pine, widely distributed in Spain (Serrada et al.
2008), should continue to be favored over pure stands in the
study area because it favors the regeneration of a larger variety
of tree species, including the endemic of western Europe
Q. pyrenaica (Velasco-Aguirre 2014). This could, therefore,
be regarded as an adaptive management strategy for climate
change (Temperli et al. 2012) and to promote forest conserva-
tion. In fact, Pinus species are suggested as being pioneer
species during succession that are usually replaced by late-
successional Quercus species (Yu et al. 2014). Nevertheless,
the maintenance of monospecific pine stands at the landscape
scale should also be recommended since species such as
Juniperus oxycedrus and Pteridium aquilinum (restricted to
Scots pine monospecific stands) or Calluna vulgaris and
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Arctostaphylos uva-ursi (far more abundant in Maritime pine
monospecific stands) deserve to be preserved (see species
protection status in Lopez-Marcos et al. 2019). Secondly, the
maintenance of high understory richness in mixed stands un-
der higher water-stress conditions could be possible by means
of the regeneration of Q. pyrenaica. A greater variety of un-
derstory species associated with the Quercus pyrenaica regen-
eration and sharing niche amplitude was found. This could be
considered as a biodiversity conservation strategy in the cur-
rent climate change scenario (Felton et al. 2010). Finally, since
productivity is often higher in mixtures than in monocultures
and can increase by increasing tree species richness
(Brockerhoff et al. 2017), the encouraging of native tree re-
generation in forest management plans is needed, not only in
forest management plans whose objective is to include forest
biodiversity as an ecosystem service but also when production
is the main objective. Understanding the ecology of the un-
derstory vegetation has important implications for both biodi-
versity conservation and production-oriented forest manage-
ment (Nilsson and Wardle 2005).

5 Conclusion

The composition of the understory and tree regeneration
are influenced by the overstory composition but, accord-
ing to previous studies, also by the soil conditions (soil
water and fertility) that vary with the overstory compo-
sition. Species characteristic of humid and temperate
zones, including P. sylvestris regeneration, dominates in
P sylvestris monospecific stands, and typical species of
well-drained Mediterranean areas, including P. pinaster
regeneration, dominate in P. pinaster monospecific
stands. In mixed stands, where fertility is higher, the
regeneration of the western European endemic species,
Q. pyrenaica, is added to the regeneration of Pinus spe-
cies. Also, a positive effect of the studied mixture is
observed on understory richness, similar to that of
P sylvestris monospecific stands but under lower soil
water content. Understory species typical of the native
Pyrenean oak forests in the Iberian Peninsula, which
share with Q. pyrenaica the same regeneration niche,
contribute to maintain high understory richness in such
mixed pine forests. These results should make us reflect
on the use of mixed stands (even when tree species are
of the same genus) as a strategy for biodiversity conser-
vation, through native tree regeneration and their accom-
panying understory species conservation.
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Fig. 5 Distance from the center of the plots of different overstory
composition (PS, MM, PP) to the nearest native forest of Pyrenean oak
(Quercus pyrenaica Will.), Gall oak (Quercus faginea Lam.), or Juniper
(Juniperus spp.), according to the cartographic server (WMS) of the
Ministry for the Ecological Transition of the Government of Spain
(http://wms.mapama.es/sig/Biodiversidad/)
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Table 3

Descriptive statistics (minimum (min), maximum (max), and mean =+ standard error (mean + SE)) of stand characteristics (V: density (trees

ha '), G: basal area (m® ha '), Ho: dominant height (m), dq: quadratic mean diameter (cm), and age: normal age (years)) of three types of stands

Scots pine monospecific stands

Mixed stands

Maritime pine monospecific stands

Min Max Mean + SE Min Max Mean + SE Min Max Mean + SE
N(treesha™’)  Total 509.3 821.0 684.0+£48.9 523.0 1330.0 745.0+1209 538.0 1429.0 775.9+137.1
Scots 495.1 806.0 660.2+48.0 241.0  764.0 429.2+75.1 0.0 283.0 59.0+
Maritime 0.0 56.6 23.5+8.7 198.0  566.0 316.0+£56.3 509.0 1146.0 716.9+£96.6
G@m*hal) Total 333 54.9 48.1£32 333 68.2 553+49 375 70.3 622+52
Scots 30.8 54.9 449+34 13.0 459 25.7+4.8 0.0 33 0.8+0.5
Maritime 0.0 8.2 32+1.1 20.2 389 29.5+£29 375 70.3 61.4+5.1
dq (cm) Total 22.5 344 292+1.7 20.2 39.4 30.0+£2.8 22.6 39.6 323+25
Scots 222 324 285+1.6 16.6 40.3 272+3.5 0.0 15.8 58+2.8
Maritime 0.0 56.7 36.6+8.2 25.0 43.5 354+2.8 26.0 39.6 333+£22
Ho (m) Total 16.8 22.1 19.3+0.9 13.1 24.6 18.0+1.7 12.4 20.5 169+1.2
Scots 16.6 22.1 19.2+0.9 12.3 24.3 17.1+1.8 0.0 10.8 42+19
Maritime 0.0 24.5 17.1+£3.6 14.2 25.0 19.2+1.7 13.6 20.5 17.3+1.0
Age (years) Scots 44 151 99.8+14.9 44 118 943+11.7 0 0 0+0
Maritime 0 0 0+0 49 118 91.2+10.2 49 118 90.8+10.9
Table 4 Location of optimum
(w), predicted maximum Specie Model h H 2t %o
probability of occurrence (/) and
niche amplitude based on 2t Agrostis castellana Boiss. and Reut v 2.83 36.68 66.94 70.59
tolerances, for species with Aira caryophyllea L. v 4.61 31.97 9.03 41.18
unimodal response withrespectto 1y, ncin flexuosa (L.) Trin. % 3.76 72.89 58.75 41.18
%G of Pinus pinaster, as well as
the frequency of species Erica arborea L. v 6.48 34.46 43.25 23.53
appearance in the plots (%) Erica australis L. v 24.10 78.97 43.50 82.35
Hypnum spp. v 18.58 19.47 42.55 94.12
Juniperus oxycedrus L. v 10.74 6.37 3.21 11.76
Potentilla montana Brot. v 4.79 29.86 36.93 52.94
Pteridium aquilinum (L.) Kuhn I\Y 9.28 18.02 13.95 29.41
Quercus pyrenaica Willd. v 4.08 40.93 60.88 29.41
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