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Abstract: Riparian vegetation, which performs many key ecological functions, has been modified or
lost at an alarming rate during the past century as a result of human activity. The aims of this study
are (a) to investigate the effects of poplar plantations on plant diversity in riparian zones; and (b) to
estimate the ecological implications of extending cover by poplar plantations. For this purpose, we
assessed species richness, habitat indicator species and functional diversity based on Grime’s C-S-R
strategies. We used non-metric multidimensional scaling to examine the role of environmental factors
such as soil properties, forest structure and management. Disturbance, in particular the frequency
of harrowing, led to a decline in species richness and modified the indicator species and functional
diversity by favoring Ruderal (R) species at the expense Stress-Tolerant (S) and Competitor (C)
species, which are better suited to riparian forest conditions. Poplar plantations should not be used
as surrogates for riparian forests, and minimizing harrowing in poplar plantations promotes vascular
plant diversity. Furthermore, reintroduction of herbs, ferns and geophytes with a high conservation
value and low seed dispersal capacity is advisable from the sixth year after establishment, once
harrowing for weed control has been completed.
Keywords: Populus x euramericana; clone I-214; hybrid; native; management; C-S-R theory; riparian
communities; biodiversity

1. Introduction
Riparian zones, which support diverse, dynamic, and complex communities, act as interfaces
between terrestrial and aquatic environments [1–3]. Riparian communities are known to perform
many key functions, such as reducing eutrophication, trapping pesticides, stabilizing riverbanks
and providing a microclimate that favors high biodiversity [4–6]. This type of habitat is particularly
important in arid regions, such as the Mediterranean area, because wetlands communities support
important ecological processes and are used by wildlife as natural ecological corridors [3].
Despite the numerous benefits that they provide, riparian zones have been greatly disturbed
by human activity over the past century in Europe [4,5,7]. The native vegetation of riparian zones
in many parts of Europe was almost totally lost when streamflow was regulated by construction of
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reservoirs and channels in the middle of the 20th century [8,9]. Furthermore, the virgin vegetation
has been severely affected by excess nutrients and pollutants derived from farmland and urban areas
and the presence of alien species as a result of over-exploitation of the riverscape [10]. This has
led to the natural vegetation being replaced with crops or forest species, such as poplar, which are
more profitable.
One of the current aims of national and regional forest policies is to extend the area occupied by
forest plantations. Establishment of such plantations on degraded or agricultural land has traditionally
been justified by the potential benefits, including wood and biomass production and restoration of
biodiversity values [11–19]. However, the role of artificial forest plantations has scarcely been tested in
Mediterranean landscapes encompassing riparian forests, poplar plantations and agricultural crops.
The effects of management practices on herbaceous plant communities have been studied in hybrid
poplar plantations in France [20–22], in poplar short rotation coppice plantations in Germany [23] and
in other countries such as Estonia [24] and Canada [25].
Vascular plants are often used as general indicators of overall biodiversity [26–28] as they provide
an objective means of assessing the integrity and conservation value of plant communities [29].
Vegetation is directly affected by all types of change, whether brought about by natural disturbance or
human management.
Diversity is often indicated by species richness, and to a lesser extent by characteristic indicator
species in habitats. However, functional diversity has traditionally been ignored by researchers, despite
being of crucial importance in determining ecosystem processes [30]. Ecosystem processes are known
to be consistently associated with functional composition (defined as the presence of certain functional
types of plants, i.e., sets of plant species with the same attributes) and functional richness (defined as the
number of different plant functional types) far more than with species richness [30,31]. Nevertheless,
these three components (species richness, indicator species and functional diversity) do not contribute
the same type of information and should therefore be analyzed as complementary variables.
Grime [32–35] constructed a life history theory based on the concept of functional types, to
reduce the complexity of vascular plant communities and to help understand vegetation processes.
Grime’s theory established that two external factors (stress and disturbance) determine the structure
of plant communities. Stress is defined as “the external constraints which limit the rate of dry matter
production of all or part of the vegetation”, e.g., shortages of light, water or mineral nutrients and
suboptimal temperatures [35]. On the other hand, disturbance is defined as “the mechanisms which
limit plant biomass by causing its partial or total destruction” e.g., activities of herbivores, pathogens,
man and abiotic phenomena such as wind damage, frost and fire [35]. Grime’s theory suggests that
vascular plants may be classified according to local levels of stress and disturbance into three primary
strategies and also secondary strategies, present in those habitats with intermediate levels of both
factors. Thus, low stress with low disturbance would give rise to Competitor species (C), high stress
with low disturbance to Stress-Tolerant species (S) and low stress with high disturbance to Ruderal
species (R). By contrast, in highly disturbed habitats, the effect of continuous and severe stress prevents
recovery or re-establishment of the vegetation [35].
The hypotheses for this study are that vascular plant diversity in poplar plantations may differ
from native riparian forests and that stress and disturbance factors may explain the differences in plant
communities in the different types of habitats. The main objectives of the study were (a) to investigate
the effects of poplar plantations on plant diversity in riparian zones; and (b) to assess the ecological
implications of extending cover by poplar plantations. To achieve these objectives, we addressed the
following questions:
1.
2.

To what extent does vascular plant diversity differ in poplar plantations and riparian forests?
What are the respective influences of stress and disturbance on vascular plant diversity in
riparian landscapes?
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2. Material and Methods
2.1. Site Description and Experimental Design
The present study was carried out in the Duero River basin, in the middle reach of the Carrión River
Forests 2016,
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Figure 1. Geographical location of the study site.
Figure 1. Geographical location of the study site.
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during the first six years until canopy closure. The density of poplar plantations, which is maintained
at a constant thickness throughout the whole rotation, is approximately 280–400 stems¨ ha´1 (i.e., at
a spacing of 5 m ˆ 5 m or 6 m ˆ 6 m) [39,40].
Thirty-two P. x euramericana (clone I-214) stands were selected for the study. These were chosen
by use of a factorial scheme with three factors at two levels: (i) Stand stage: young stands of 3–7 years
old (open canopy) and adult stands of 8–14 years old (closed canopy); (ii) Understory management:
harrowed or not harrowed. Harrowed stands were ploughed every year, whereas the stands that
were not harrowed had not been ploughed for at least two years; (iii) Site quality: rich stands
with optimum growth rates of poplar trees (site qualities I and II), and poor land, unsuitable for
growth (site qualities III and IV). Site quality was determined by the model based on growth curves
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Figure 2. Sampling design adopted in the study.

Figure 2. Sampling design adopted in the study.
Mineral soil samples from the upper 30 cm (A and B horizons) were collected from all four
subplots in each plot by using an open‐face soil auger. The samples were mixed and homogenized to
Mineral
soil samples from the upper 30 cm (A and B horizons) were collected from all
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the molybdenum‐blue method. Soil exchangeable cations (K+, Na+2, Ca2+ and Mg2+) were extracted
with ammonium acetate and determined by atomic absorption/emission spectrometry. Particle‐size
distribution (percentage of coarse fragments and soil texture) was determined by the Bouyoucos
method (hydrometer method), and the ISSS (International Society of Soil Science) classification was
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Organic matter was determined by the K2 Cr2 O7 method. Total N was determined by Kjeldahl digestion.
Soil available P was extracted by the Olsen procedure and determined photometrically by the
molybdenum-blue method. Soil exchangeable cations (K+ , Na+2 , Ca2+ and Mg2+ ) were extracted with
ammonium acetate and determined by atomic absorption/emission spectrometry. Particle-size distribution
(percentage of coarse fragments and soil texture) was determined by the Bouyoucos method
(hydrometer method), and the ISSS (International Society of Soil Science) classification was applied.
The Cationic Exchange Capacity (CEC) was determined by Bascomb’s method (i.e., the exchange
cations were displaced by Ba ions, which were then displaced by Mg ions, and the remaining
concentration of Mg was determined by titration against EDTA) (for more details see [44]).
2.3. Vascular Plant Sampling
Nine 2 m ˆ 2 m sampling quadrats (36 m2 in total) were installed in each stand for quantification
of the understory vegetation (i.e., a total of 315 quadrats were assessed: 36 quadrats of each type
of poplar plantation and 27 quadrats of native riparian forests). The quadrats were selected using
a 2 m ˆ 2 m grid to ensure that all distances from the rows and, therefore, all levels of competition for
nutrients and available light were covered. Each vascular plant was identified (field or laboratory) and
the percentage cover and characteristics were determined in spring. Floristic data were automatically
converted into C-S-R signatures by means of the calculator developed by Hunt et al. [45] (first part of
the spreadsheet tool). This tool, which is applied to the data matrix containing quantitative records
from one stand, calculates the percentage abundance of each functional type and plots the net position
onto a triangular representation of C-S-R space. A C-S-R signature was thus obtained for each stand
(see [45] for details).
2.4. Data Analysis
2.4.1. Comparison between Riparian Forests and Poplar Plantations
A two-step approach was used to evaluate vascular plant diversity in native riparian forests and
poplar plantations. A Mann-Whitney U test was first carried out to detect whether species richness
differed between riparian forests and poplar plantations. Non-metric multidimensional scaling (NMDS)
was then performed to detect any possible differences in the vascular plant communities between
riparian forests and poplar plantations, by considering (i) species frequency and (ii) C-S-R signatures.
NMDS was conducted using Bray-Curtis as the distance metric, and the multivariate ordination was
created using the metaMDS results. As there were only three riparian forests, which were mature and
not ploughed, three adult non-harrowed poplar plantations were randomly selected to be used in both
the Mann-Whitney U test and NMDS analyses for comparative purposes.
2.4.2. Comparison of Different Types of Poplar Plantations
To evaluate the possible differences in the vascular plant diversity according to type of poplar
plantation (i.e., the eight possible combinations from the three factors: age, site quality and management),
a three-step approach was used. First, analysis of variance (ANOVA) and a Tukey’s HSD post hoc
test were used to test (i) the effect of the type of poplar plantation (combination of factors: age,
site quality and understory management) on species richness; and (ii) the effect of age on annual
and short-lived perennial species richness. As the data violated two of the ANOVA assumptions
(normality and homogeneity of variances), robust statistical methods were applied. Thus, heteroscedastic
one-way ANOVA was performed using the generalized Welch procedure and a 0.1 trimmed mean
transformation. The ANOVA was carried out using the “Wilcox’ Robust Statistics (WRS)” package [46].
Second, characteristic species in each type of poplar plantation were detected using the Indicator
Value (IndVal) method [47]. The value of IndValij is the product of two terms, the first referring to the
performance of species i in terms of abundance across all types of poplar plantations and the other
referring to the performance of the same species in terms of presence/absence within site group j.
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This index ranges from 0 to 100 for each species, corresponding to the largest IndVal value observed in
the different habitats. A maximum IndVal value (100%) is reached when all individuals of a species
are found in a single type of habitat and in all sites in that habitat. This procedure differentiates
generalist (maximum IndVal at a higher cluster level) and stenotopic species (maximum at lower
cluster levels) [47]. A hierarchical site typology based on the types of poplar plantations, which was
established a priori, was used. The first level grouped all poplar plantations, and subsequent steps
differentiated the poplar plantations as harrowed and not harrowed, then as rich and poor stands,
and finally as young and adult stands according to the factorial scheme designed. The statistical
significance of the index was estimated at each level of the hierarchy by random reallocation of plots
among plot groups based on 999 permutations [47].
Third, NMDS and multiple response permutation procedures (MRPP) were performed using
C-S-R signatures to explore the characteristics of the different types of poplar plantations and the
associated stress and disturbance factors. NMDS procedures were also conducted using Bray-Curtis as
the distance metric and environmental variables (i) stress factors: canopy closure and dendrometric
variables as indicators of shortages of light, and soil properties as indicators of nutrient status; and
(ii) disturbance factors (frequency of harrowing and number of years since the stand was last harrowed),
which were significantly correlated with one or more axes, were overlaid on the ordination as vectors.
MRPP was also used to test the null hypothesis of no differences in the vascular plants present in
poplar plantations according to the age (young vs. adult stands), site quality (poor vs. rich) and
understory management (harrowed vs. non-harrowed). MRPP was also performed using Bray-Curtis
dissimilarity and running 1000 permutations.
All analyses were performed in R [48], and NMDS and MRPP analyses were conducted with the
“Vegan” package [49]. Indicator Value Indexes were calculated with IndVal 2.1 software. Rare species
occurring in fewer than two stands were excluded from IndVal, NMDS and MRPP analyses.
3. Results
3.1. Comparison between Riparian Forests and Poplar Plantations
Data on selected soil properties in the 32 stands studied are shown in Table 1. One of the most
important features identified was the wide range of coarse fragment contents and texture. Soils ranged
from alkaline to moderately acidic. Cationic exchange capacity (CEC) values and organic matter, N
and P contents were low, whereas the exchangeable Ca contents were high (for more details see [44]).
Table 1. Summary of selected soils properties in the 32 poplar stands under study.
Soil Properties

Coarse fragments (%)
Sand (%)
Silt (%)
Clay (%)
pH
OM (%)
N (%)
C/N
P (mg¨ kg´1 )
K (mg¨ kg´1 )
Ca (cmolc ¨ kg´1 )
Mg (cmolc ¨ kg´1 )
CEC (cmolc ¨ kg´1 )

Mean (˘ S.D.)

Range

28.0 (24.2)
68.1 (7.0)
17.5 (5.5)
14.3 (3.1)
7.5 (0.93)
2.2 (0.94)
0.11 (0.04)
12.1 (4.4)
9.5 (8.8)
105.9 (85.3)
9.8 (5.4)
0.61 (0.21)
13.9 (3.1)

0.64–82.1
50.9–83.7
9.6–32.1
6.7–23.7
5.9–8.6
0.84–5.1
0.05–0.22
6.2–25.9
0.1–34.8
25.0–374.2
2.8–19.4
0.2–1.13
8.8–22.2

Riparian forests and poplar plantations did not show any differences in understory species (N = 6,
Z = 0.44, p = 0.66; average number of species in riparian forests = 21.3 and in poplar plantations = 20).
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indicates a gradient from Competitor species (C) to Ruderal species (R).
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supported Ruderal species (R). NMDS ordination showed differences between both types of habitats,
according to C-S-R strategies. Although plant communities in riparian forests were mainly
mainly due to disturbance factors in terms of Grime’s theory (shown by the horizontal axis, Figure 4).
characterized by Stress-Tolerant and Competitor species (S–C), the poplar plantations mainly supported
Ruderal species (R). NMDS ordination showed differences between both types of habitats, mainly due
to disturbance factors in terms of Grime’s theory (shown by the horizontal axis, Figure 4). However, no
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differences were found between types of habitats in terms of the stress factor (shown by vertical axis,
Figure 4) in accordance with Grime’s triangle [33–35]. The findings seem to indicate that disturbance
(harrowing) is a key factor modifying plant communities and ecological processes in poplar plantations,
whereas stress seems to be less important. These findings are consistent with those obtained in other
areas, where continued physical disturbance has played a key role in primary succession [35,57,58].
On the other hand, it is known that early vegetation composition after disturbance is mainly due to the
species pool of the adjacent vegetation (mostly Ruderal species), whereas the soil seed bank is much
less influential [59].
4.2. Comparison of Different Types of Poplar Plantations
Species richness was found to differ according to plantation age and management. In particular,
species richness was lower in adult stands, due to a reduction in the number of annual species and
short-lived perennial species. These types of plants invest considerable resources in producing large
numbers of seeds that can survive in the soil (seed bank) for long periods: if disturbance (such as
planting or harrowing) exposes the seeds to light, and the climate is favorable, the seeds will germinate
and seedlings will become established and grow [34,60]. Subsequent gradual canopy closure would
reduce the available light for plants and loss of generalist species should occur [61–63]. A decline in
species richness may be expected until plantations are older than 12–13 years, at which point some
riparian forest plant species could begin to be established [20]. This may explain the previously
observed lack of differences between young and mature stands in hardwood forests [64], as the
young stands under study were around 20 years old and recovery of forest plant species may already
have been occurring, which seems to be confirmed by the fact that species composition was quite
similar regardless of stand age. On the contrary, in another study of short rotation coppice plantations
of poplar [23], the authors found that species richness decreased from the second year onwards.
This pattern may be explained by the planting distance of 2.5 m ˆ 0.5 m, which should lead to much
earlier canopy closure than in the present study or the previously mentioned study [20], in which the
planting distances ranged from 5 m ˆ 5 m to 7 m ˆ 7 m.
Management (i.e., harrowing carried out the last year) halved the species richness in poplar
plantations, due to removal of species as a direct result of harrowing. While half of the species became
established in less than a year, the remaining species may require a longer time to become established,
emphasizing the importance of life strategies in determining plant assemblages. However, the opposite
pattern has been reported for French poplar plantations [21,22,65]. On the other hand, higher species
richness was observed in plantations where strip tillage had been carried out for site preparation in
comparison with full-area ploughing [24]. Finally, we did not find any differences in species richness
according to site quality, in contrast to previously observed differences in Populus tremuloides Michx.
stands in northern British Columbia, Canada [66].
IndVal analysis revealed that disturbance in poplar stands (harrowing) determines the vascular
plant assemblages, as all habitat indicator species found were, to a certain extent, Ruderal species
(R) [54,55]. Habitat species indicators were found according to site quality and age, but the observed
clusters may be due to a random effect as a result of the small number of replicates.
Although the poplar plantations were mainly characterized by Ruderal species (R), NMDS
ordination showed that two factors (frequency of harrowing and percentage of coarse fragments)
determined the type of C-S-R strategy used in each stand. In particular, the C-R and C-S axes
were parallel to the frequency of harrowing and the percentage of coarse fragments, respectively
(Figure 6). This finding is highly consistent with Grime’s theory [35], in which the C-R and C-S axes
should be determined by disturbance and stress factors, respectively. With regard to disturbance,
plant communities seem to be determined by the frequency of disturbance (frequency of harrowing
(p = 0.04)) rather than by the time since the last disturbance (time since the land was last harrowed
(p = 0.91)). Similarly, Decocq et al. [67] reported that some vascular plant species were mainly limited
by the frequency of disturbance and not by the severity of disturbance.
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The study findings seem to indicate that soil properties such as percentage of coarse fragments
that determine habitat productivity influence vascular plant communities, whereas quantity of light
transmitted to the understory was not a key factor. Thus, NMDS ordination retained the variable
“percentage of coarse fragments”, which was previously recorded as the best indicator of a gradient
of productivity in these poplar plantations [44], as it determines the volume of soil available for root
development, the amount of available nutrients per unit of soil volume and the soil water-holding
capacity. This result is consistent with findings in other areas, where soil moisture and soil nitrogen, [20]
or P and K content, [61] were major determinants of plant community structure.
However, variables related to the quantity of light, such as canopy closure or dendrometric
variables, were not retained by the NMDS analysis. This may be because the structure of poplar
plantations (a low density of plantation around 278–400 stems/ha and all trees pruned to 6–8 m above
ground level) allows enough light to be transmitted to the understory. Similar results were reported by
Chen et al. [66] for P. tremuloides stands in northern British Columbia (Canada) and by Klinka et al. [68]
for stands of several tree species on Vancouver Island (Canada).
MRPP tests also confirmed differences in C-S-R strategies according to site quality, although this
trend was observed to a greater extent in young stands (Figure 6). This may be due to an increase in soil
nutrients with age of the stand as a result of the return of some nutrients to soils through litterfall [69],
or enhancement of mineralization of some nutrients because of a well-developed root system [70].
In a previous study, we observed deficiencies in several nutrients, such as nitrogen, phosphorus and
boron, particularly in these young stands [44]. However, MRPP tests clearly differentiated C-S-R
strategies among poplar plantations according to age, but not with respect to management (harrowed
or not harrowed during the last year). This may be due to the effect of harrowing during the last year,
which is not as important as the historical disturbances, as previously noted. Thus, the significant effect
found by MRPP analysis according to age is probably an indirect effect due to the higher frequency of
harrowing in adult stands (ANOVA, F = 4.63, p < 0.04).
5. Conclusions
The study findings indicated that poplar plantations did not include species that are specific to
riparian communities and therefore should not be used as surrogates for native forests in relation to
vascular plant diversity. Thus, native riparian forests should be preserved and appropriate conservation
programs should be implemented as far as possible.
Disturbance, mainly by harrowing, seems to be the key factor determining the structure of
vascular plant communities in poplar plantations, affecting both plant assemblages and plant strategies.
To determine the structure of vascular plant communities, the frequency of harrowing is the most
influential variable and is even more important than the time elapsed since the land was last harrowed.
Furthermore, although poplar plantations cannot accommodate typical riparian plant species, a higher
frequency of harrowing favored Ruderal species (R) to the detriment of Stress-Tolerant and Competitor
species (S–C). Minimizing harrowing would be desirable, as long as this does not affect tree growth
and vitality through competition, in order to favor Stress-Tolerant and Competitor strategies similar
to those used by plants in native riparian forests. However, reintroduction of those riparian
herbs/ferns/geophytes present only in natural riparian forests, which have low seed dispersal ability, is
advisable from the sixth year (as far as possible), once harrowing for weed control has been completed.
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