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(IBP): an assessment of stand structural complexity for floodplain poplar 
woodlands

Giovanni Trentanovi (1), 
Anna Corli (2-3), 
Simone Orsenigo (2-3), 
Pietro Ghirelli (4), 
Pier Mario Chiarabaglio (5), 
Maria Laura Traversi (1), 
Silvia Traversari (3-6), 
Francesca Vannucchi (3-6), 
Alessio Giovannelli (1-3)

Forest structural complexity arises from several attributes whose combined ef-
fects make it difficult to disentangle their single contributions. Such contribu-
tions  may  vary  substantially  across  different  ecosystems  and  management 
types, requiring the development of fast and effective forest structural evalu-
ation indices for simplified, highly managed systems, such as poplar planta-
tions in riparian areas. With this aim, the suitability of the Index of Biodiver-
sity Potential (IBP) to catch the stand structural variations was tested in three 
different types of poplar forests (cultivated, semi-natural and natural) along 
the Po river (Northen Italy) in contrast with quantitative structural parameters 
(e.g.,  deadwood biomass,  diameter diversity)  and synthetic structural  com-
plexity indices (Index of Structural Heterogeneity - SHI, Forest Structure Index 
- FSI). The IBP consistently assessed stand structure complexity using struc-
tural parameters and synthetic indices. The Gini coefficient for diameter was 
generally low among sites, but the IBP identified slight variations in vertical 
structure  enabling  differentiation  between  cultivated  and  non-cultivated 
stands. The SHI showed the strongest correlation with IBP, likely due to its  
context-related  features  and  its  ability  to  describe  structural  differences 
within a relatively homogeneous forest stand. Although data on the presence 
of large woody elements in IBP allow distinctions among stand types, the lack 
of their quantification may lead to an overestimation of their actual role in 
forest biogeochemical cycles. In conclusion, the IBP, with some site-specific 
refinements, could represent a suitable and rapid method for implementing 
management plans to enhance woodland stand complexity in riparian areas.
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Introduction
Expanding  the  area  covered  by  forest 

plantations is one of the main aims of the 
EU  Forest  Strategy  for  2030  (European 
Commission 2021) in line with the European 
Green  Deal.  The  implementation  of  such 
aims on degraded or agricultural lands, as 

well  as  on  sites  perturbed  by  extreme 
events, is particularly fostered for the ben-
efits that woodlands can provide in terms 
of ecosystem services, including wood and 
biomass  production,  CO2 sequestration, 
and restoration of biodiversity values (Eu-
ropean Commission  2021).  Recent  studies 

using native  Populus nigra clones for ripar-
ian reforestation, such as the “POBIA” mix-
ture,  have  demonstrated  significant  im-
provements  in  survival  rates  and  CO2 se-
questration (Cantamessa et al. 2024). How-
ever,  the  role  of  forest  plantations  has 
scarcely  been  tested  in  Mediterranean 
landscapes encompassing riparian forests, 
poplar plantations, and crops (Martín-Gar-
cía et al. 2016). Despite the relationship be-
tween biodiversity and stand structure hav-
ing long been studied (Cosović et al. 2020), 
the links with multi-taxon diversity (i.e., the 
diversity  and  interactions  of  multiple  or-
ganism  groups,  such  as  plants,  animals, 
fungi, and microorganisms) still require fur-
ther investigation (Burrascano et al. 2023). 

Stand structure refers to the patterns and 
relationships of biophysical elements in the 
forest  three-dimensional  system.  It  is  the 
driver  and  result  of  ecosystem  processes 
and biological diversity (Gadow et al. 2012), 
but  our  ability  to  capture  its  ecological 
meaning is often site-dependent (Sanaei et 
al.  2021,  Burrascano et  al.  2013).  Thus,  in-
dices  that  incorporate  multiple  structural 
variables  could  enable  a  broader  applica-
tion across multiple geographical contexts.

Tree plantations for productive purposes 
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generally show low genetic variability, ho-
mogeneous  structure  (e.g.,  tree  size  or 
crown architecture), and a relatively open 
canopy, which may increase light availabil-
ity in the understory (Kremer et al.  2022). 
In contrast, natural or semi-natural wood-
lands  (the  latter  being  forests  predomi-
nantly under natural dynamics though sub-
jected  to  varying degrees  of  past  or  cur-
rent human influence) are characterized by 
a large stand-level structural variability and 
associated forest-dwelling  species  (Hämä-
läinen et al. 2024,  Corli et al. 2025). An ex-
tensive set of methods for assessing struc-
tural diversity has been proposed in scien-
tific  literature  (McElhinny  et  al.  2005). 
Stand  structure  can  be  described  using 
common stand structural  parameters and 
stand structural indices. Structural parame-
ters can refer to the type and amount of 
deadwood (Müller et al. 2015), tree-related 
microhabitats (Courbaud et al. 2022), can-
opy openness (Bouget et al. 2014), vertical 
structure  (Knuff  et  al.  2020),  and  habitat 
heterogeneity  in  general  (Larrieu  et  al. 
2015,  Heidrich  et  al.  2020).  Structural  in-
dices  can  be  broadly  classified  into  two 
main  categories:  spatially  explicit  and im-
plicit.  Spatially  explicit  indices  (e.g.,  Min-
gling index) require the relative position of 
trees in the studied population (Aguirre et 
al. 2003), while the spatially explicit indices 
(e.g., Gini coefficient for diameter) do not 
require the position of trees for their com-
putation. These latter are the most widely 
used, as they are less time-consuming and 
can be applied to standard forest inventory 
data.

Structural complexity represents the de-
gree to which a forest stand departs from 

a  simple,  uniform  structure.  It  increases 
with greater irregularity, diversity, and spa-
tial  differentiation  in  tree  size,  form,  and 
spatial arrangement (Zenner & Hibbs 2000, 
McElhinny et al. 2005). Structural complex-
ity arises from the occurrence of many dif-
ferent attributes, and their complex inter-
actions  make  stand  structure  quantifica-
tion a challenging task (Whitman & Hagan 
2007).  Furthermore,  the relative contribu-
tion of each structural  attribute to forest 
complexity  may  vary  consistently  across 
ecosystems  and  management  types.  In-
deed, different subsets of attributes have 
been used by various authors for calculat-
ing stand structural complexity, and all the 
proposed  indices  are  context-dependent 
to  some  extent.  Synthetic  structural  in-
dices  have  been  developed,  such  as  the 
Structural Heterogeneity Index (SHI,  Saba-
tini et al. 2015) and the Forest Structure In-
dex (FSI, Storch et al. 2018); however, they 
remain  poorly  tested  under  specific  envi-
ronmental  conditions  and  forest  types 
(Storch et al. 2023).

The Index of Biodiversity Potential  (IBP, 
Larrieu  & Gonin  2008)  was  developed  to 
assess biodiversity-related features, and its 
use has been rapidly growing for its ease 
and effectiveness in  scientific and profes-
sional applications. The IBP is primarily ap-
plied  in  Central  European  forest  ecosys-
tems (Zeller et al. 2023), particularly in mix-
ed or  coniferous managed stands.  To the 
best of our knowledge, no studies have ap-
plied this index to riparian or poplar-domi-
nated  floodplains.  The  IBP  captures  the 
most  essential  stand  structures  and  con-
text-related  factors  that  potentially  influ-
ence  biodiversity.  Although  the  IBP  can 

provide a rough estimate of potential bio-
diversity or can evaluate important habitat 
characteristics, it should not be over-inter-
preted. A given score of the IBP does not 
mean that the number of species of a given 
taxonomic group yields a particular value. 
Indeed,  the  estimated  relationship  be-
tween forest structural attributes and bio-
diversity  – regardless  of  whether  that 
structure  results  from  natural  succession 
or  intensive  plantation  – must  be consid-
ered (Zeller et al. 2022). The IBP is based on 
discrete scores derived from the visual as-
sessment of ten factors, such as the verti-
cal layers (B), large living trees (E), number 
of  Tree-related  Microhabitats  (F),  and 
shared  gaps  providing  flower  resources 
(G), that are directly linked with quantita-
tive stand structural features (e.g., Gini co-
efficient for diameter, total deadwood vol-
ume).

In this work, we test the IBP index as a 
tool for detecting structural variation in ri-
parian poplar stands, focusing on the con-
sistency between its qualitative scores and 
quantitative structural  parameters and in-
dices. Our aims were: (i) compare the val-
ues of different forest stand attributes and 
indices;  (ii)  assess  their  relationships;  and 
(iii) evaluate the strengths and weaknesses 
of  each  approach  in  describing  the  com-
plexity of poplar plantations.

Methods

Study area and sampling design
We  selected  three  sites  (Palazzolo  Ver-

cellese, Pontestura, Valenza) along the Po 
River  in  the  Piedmont  region,  Northern 
Italy (Fig. 1a) included in the restoration ac-
tions areas (PNRR M2C4 investment 3.3) of 
the  Parco Naturale del Po Piemontese. The 
landscape  is  highly  simplified,  character-
ized  by  high-intensity  rural  cropping  and 
varying degrees of urban sprawl (Ostellino 
2011). The restoration actions include new 
forest  plantations to improve biodiversity 
and  ecosystem  services.  For  each  site, 
three  types  of  poplar  woodlands  were 
sampled  (Fig.  1b,  Tab.  1):  a  natural  stand 
(i.e., derived from spontaneous recovery of 
vegetation),  a  semi-natural  stand  (i.e., 
planted  for  biodiversity  restoration  pur-
poses  and  under  spontaneous  evolution 
for years), and an intensively managed one 
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Fig. 1 - The three site loca-
tions (a) along the border 
of Lombardia, and 
Piemonte regions and (b) 
sampling design for each 
site.

Tab. 1 - Management and age (years) of the stand type in each site.

Characteristic Cultivated Semi-natural Natural

Management Harrowing activities and 
pruning interventions 
(every year)

Minimal treatments 
(irrigation and weed 
control) in the first years 
after plantation

None

Age

Pontestura 8 15 35

Palazzolo 
Vercellese

8 19 18

Valenza 6 20 30
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as a control stand (i.e., the most simplified 
stand  structure  of  cultivated  poplars). 
Within each stand, data were collected in 
three replicated 314 m2 circular plots (mini-
mum distance among plots of 20 m), for a 
total of 27 plots. Plots were randomly se-
lected within each stand in a homogeneous 
area, aiming to include the largest variabil-
ity in stand structure, harrowing, and spe-
cies composition. For IBP calculation, one 
or two 1-ha reference plots were selected 
based  on  the  overall  stand  area.  Their 
shape (circular, quadrangular, or rectangu-
lar) varied according to the stand features 
and  the  related  core  area  extension.  At 
least one of the three structural plots falls 
within the IBP plot.

Field data collection
Data on stand structure and IBP were col-

lected between the end of May and mid-
June  2024.  Data  on  living  biomass  and 
deadwood were collected within each plot, 
adapting the field protocol of  Burrascano 
et  al.  (2021).  Tree  species,  diameter  at 
breast height (DBH ≥ 5 cm), and height of 
standing elements (snags, living trees, and 
dead  trees)  were  recorded  using  a  tree 
caliper and an electronic hypsometer (Ver-
tex  IV-360  and  Transponder  T3).  Stumps 
were not recorded as they were absent in 
the sites. The number and volume of logs 
(larger diameter ≥ 10 cm) were assessed by 
the  Line  Intersect  Method  (Van  Wagner 
1968,  Marshall et al. 2000). Deadwood de-
cay classes were evaluated by 5-point clas-
sification according to  Aakala et al. (2008) 
and Waddell (2002), respectively, for stand-
ing  and  lying  deadwood.  The  IBP  factors 
were recorded visually in the field using the 
field data sheet (specific to the continental 
region; see  Gonin et al.  2022), without re-
quiring additional equipment or special tax-
onomic expertise. We considered six stand-
related factors (number of native species; 
vertical structure as the number of tree lay-
ers;  large size standing dead wood; large 
size  lying  dead  wood;  large  size  living 
trees; dendro-micro-habitat type and abun-
dance) and four landscape context-related 
factors (open spaces presence; forest his-
torical cover; water and rocky habitat pres-
ence). Together they sum up to a maximal 
score  of  15  points  (for  more  details,  see 
Larrieu & Gonin 2008). In practice, to save 
time, the observer stops considering a fac-
tor once a score of 5 is obtained. The total 
IBP  score  is  the  sum  of  the  six  stand-re-
lated  and  four  landscape  context-related 
factors, and therefore ranges from 0 to 50. 
It is assumed that the higher the score, the 
higher the stand’s capacity to host forest-
dwelling  species.  The  partial  IBP  score  is 
the  sum  of  the  six  stand-related  factors 
only.

Data analysis
Main stand structural parameters (mean 

diameter, tree density ha-1, basal area ha-1, 
volume  ha-1)  were  calculated  for  living 
trees; deadwood volume was split into its 

standing (snag, dead trees) and lying com-
ponent  (logs).  The volume of  living trees 
was  calculated  using  the  functions  pro-
posed by Tabacchi et al. (2011). The volume 
of snags was estimated using the formula 
for  an  ellipsoid  cone  (Brunet  &  Isacsson 
2009);  the volume of logs was calculated 
using Van Wagner’s equation (Van Wagner 
1968). The diameter (DBH) variability of liv-
ing trees was calculated through the Gini 
coefficient (Lexerød & Eid 2006). The Gini 
coefficient  quantifies  the  deviation  from 
perfect equality. It has a minimum value of 
zero, when all trees are of equal size, and a 
theoretical maximum of one in an infinite 
population  in  which  all  trees  except  one 
have a value of zero. The diversity of living 
tree species was calculated using the most 
common indices based on species propor-
tional abundances (Shannon, Simpson, and 
Pielou  – see  Magurran 2004). Diversity in-
dices  were  calculated  in  R  (R  Core  Team 
2021)  using  the  “forestmangr”  package 
(Braga  et  al.  2020),  while  the  Gini  coeffi-
cient for diameter was calculated using the 
“reldis” package (Handcock 2023). The vol-
umes of living and dead trees were com-
puted using the “ForIT” package (Puletti et 
al.  2017),  which  implements  all  volume 
equations used in the last Italian National 
Forest Inventory (Tabacchi et al. 2011).

Only a few synthetic stand structural in-
dices have been proposed and scientifically 
tested to date (Keren et al. 2020), with the 
Structural  Heterogeneity  Index  (SHI  – 
Sabatini  et al.  2015) and the Forest Struc-
ture Index (FSI  – Storch et al. 2018) repre-
senting two of the few well-established ex-
amples. In our study, they were applied at 
the  plot  level  for  direct  comparison  with 
the aforementioned structural parameters 
(see Tab. S1 in Supplementary material for 
the  description  of  factors  considered  by 
both  indices).  These  indices  are  typically 
developed  and  validated  within  specific 
forest ecosystems and geographic context 
(SHI  refers  to  Apennine beech forests  of 
Central Italy,  FSI refers to different forest 
types in the region of Baden-Württemberg, 
Germany).  They  reflect  specific  tree-size 
distributions,  species  compositions,  and 

disturbance regimes. When applied to con-
trasting forest types, such as those differ-
ing  in  species  diversity,  stand  density,  or 
management  history,  their  sensitivity  to 
structural  attributes  may vary,  potentially 
leading to biased or non-comparable esti-
mates  of  structural  complexity.  The  SHI 
was  calculated  by  scaling  each  variable 
from 1 to 100, combining the eight variable 
scores additively, and transforming the re-
sult  to a  percentage.  The FSI  follows the 
approach  described  by  McElhinny  et  al. 
(2006) and  the  criteria  of  Sabatini  et  al. 
(2015). The eleven variables considered for 
FSI were scaled to their minimum and max-
imum values to yield indices ranging from 0 
to 1.

Mean  differences  of  structural  parame-
ters among stand types (natural, semi-nat-
ural,  cultivated)  and  sites  (Palazzolo  Ver-
cellese,  Pontestura,  Valenza)  were  first 
tested  with  one  and  two-way  analysis  of 
variance (ANOVA). Non-normal data were 
log-transformed before performing a two-
way ANOVA. Significance of differences be-
tween stand types and sites was assessed 
by  Tukey’s  post  hoc (HSD)  tests.  Kruskal-
Wallis test (Kruskal & Wallis 1952) was used 
for  non-normal  data.  The  “ggpubr” (Kas-
sambara & Kassambara 2020) and “ggstat-
splot” (Patil 2021) R packages were used to 
test and visualize data distribution, and to 
compare means between groups. Correla-
tion  and  regression  analysis  were  per-
formed using the “corrplot”  package (Wei 
&  Simko  2024).  Regression  analysis  was 
conducted using the least-correlated single 
structural parameters (Friendly 2002).

Results

Stand structure parameters and indices
The  DBH  frequencies  showed  different 

distribution  patterns  depending  on  the 
management conditions (Fig. S1 in Supple-
mentary material),  with a clear  reverse J-
shaped distribution in semi-natural stands. 
Natural and semi-natural stands were dom-
inated in terms of mean basal area by P. ni-
gra, followed by P. alba (Fig. S2). The higher 
tree  diversity  observed  in  semi-natural 
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Tab. 2 - Mean (± standard deviation) of the primary response variables on stand struc-
ture in cultivated, semi-natural, and natural stands. Parameters are shown with signifi-
cance levels - (***): p<0.001, (*): p<0.05; (ns):  p ≥ 0.05. Lowercase letters highlight 
significant differences (p < 0.05) among stand types according to Tukey’s  post hoc 
test.

Stand characteristics Cultivated Semi-natural Natural p-value

Tree density (n ha-1) 301 ± 43 442 ± 119 386 ± 216 ns

Quadratic mean diameter (cm) 28.12 ± 3.40b 26.76 ± 8.57b 43.74 ± 15.75a ***

Gini coefficient for diameter (DBH) 0.07 ± 0.05b 0.24 ± 0.09a 0.23 ± 0.08a ***

Basal area (m2 ha-1) 19.1 ± 6.3b 24.9 ± 12.9b 48.0 ± 18.2a ***

Tree volume (m3 ha-1) 83.2 ± 43.7b 108.9 ± 78.7b 250.4 ± 115.1a ***

Dead wood volume (m3 ha-1) 4.1 ± 6.9b 88.1 ± 56.6a 75.9 ± 93.1a ***

Shannon Index 0 b 0.90 ± 0.53a 0.43 ± 0.35a ***

Jentsch Index 0.11 ± 0.01ab 0.27 ± 0.13c 0.24 ± 0.19bc *
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stands  reflects  their  initial  plantation 
scheme and species composition, purpose-
fully  established to promote higher biodi-
versity. Cultivated stands were dominated 

by the hybrid poplar  Populus  ×canadensis. 
Poplar cultivation in Italy and many other 
countries is primarily based on the use of 
the  Populus  ×canadensis clone  “I-214”, 

which is characterized by high adaptability 
to different climatic and soil conditions, op-
timal wood properties for plywood produc-
tion,  and  susceptibility  to  specific  biotic 
threats (Corona et al. 2023). Significant dif-
ferences  among  structural  parameters  of 
living trees (Tab. 2) were found according 
to the stand type, with the differences be-
ing  not  significant  between  semi-natural 
and  cultivated stands  (e.g.,  tree  volume), 
except for the Gini coefficient for diameter. 
The deadwood volume showed substantial 
differences among cultivated and the other 
stand types,  with slightly higher values in 
semi-natural  stands.  Dead trees and snag 
volume  were  significantly  higher  in  semi-
natural stands, while lying deadwood was 
higher in natural  ones (Tab.  S2 in Supple-
mentary  material).  SHI  and  FHI  indices 
showed  no  significant  differences  among 
natural and semi-natural stands (Fig. 2, Tab. 
S3),  with  slightly  higher  means  for  semi-
natural  ones.  Interestingly,  for  both  in-
dices,  a  large  range  of  scores  was  ob-
served, with minimum values of 24.17 (SHI) 
and  0.06  (FSI)  for  cultivated  stands,  and 
maximum  values  of  96.30  (SHI)  and 0.33 
(FSI) for semi-natural stands (Tab. S3). As 
expected,  both  indices  showed  signifi-
cantly higher values for natural and semi-
natural stands than for cultivated stands.

The IBP
Fig. 3 presents the IBP values and the fac-
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Fig. 2 - Statistical differences (Tukey HSD test) of (a) SHI (F[2, 24] = 24.44, p < 0.001) and 
(b) FSI (F[2, 24] = 15.35,  p < 0.001) index mean values among stand types. (cul): culti-
vated; (sem): semi-natural; (nat): natural); (***): p<0.001; (****): p<0.0001.

Fig. 3 - Radar plot indicat-
ing IBP values for each site 
and stand type: (i) culti-
vated, (ii) semi-natural, (iii) 
natural. (A): native species; 
(B): vertical structure; (C): 
large size standing dead 
wood; (D): large size lying 
dead wood; (E): large size 
living trees; (F): dendro-
micro-habitat; (G): open 
spaces; (H): forest cover; 
(I): water habitat; (J): rocky 
habitat.
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tors that most strongly influenced the IBP 
scores.  The  IBP  values  showed  a  similar 
trend across stand types,  with noticeable 
differences  only  between  the  cultivated 
and non-cultivated stands (i.e.,  semi-natu-
ral  and natural).  Natural  and semi-natural 
stands reported an IBP score between 19 
and 32, while the cultivated ones had IBP ≤ 
8  (Tab.  S4).  Specific  IBP  features  varied 
widely among stand types; natural stands 
reported the highest variability in score dis-
tributions  among  IBP  factors,  while  culti-
vated stands reported the lowest. Notably, 
within-stand  variability  was  observed  for 
cultivated stands, particularly for the den-
dro-microhabitat factor (F) and lying dead-
wood  presence  (D).  Landscape-level  fac-
tors (letters G-J, Fig. 3) did not significantly 
influence the total IBP score. Depending on 
the single IBP parameter (Fig.  S3a-c),  the 
“native species” parameter was deeply in-
fluenced by past human interventions (e.g., 
tree  species  planted  in  semi-natural 
stands), more than young species that are 
growing through natural regeneration pro-
cesses. Instead, the “wood dimension” pa-
rameter reflected the presence or absence 
of  natural  ecological  dynamics  within  the 
stand (natural and semi-natural stands  vs. 
cultivated ones). Interestingly, the dendro-
microhabitat  factor  highlighted  a  highly 
heterogeneous  distribution  of  dendromi-
crohabitats among stand types, with culti-
vated stands supporting unique dendromi-
crohabitats (e.g., woodpecker cavities and 
nests).

Correlation analysis
The correlation matrix (Fig. S4 in Supple-

mentary material) shows the strongest cor-
relations (R > 0.6) among single structural 
parameters (e.g., quadratic mean diameter 
and  living  volume)  and  between  the  SHI 
and  FSI  indices.  Linear  regression  high-
lights the strongest positive significant cor-
relation of IBP with stand age and Gini co-
efficient  for  diameter  (Fig.  4).  Both  total 
and  partial  IBPs  were  strongly  correlated 

(R ≥ 0.7, p < 0.001) with the SHI index. This 
latter was used for logarithmic regression 
analysis (Fig. 5) as it showed strong corre-
lations (R > 0.80, p < 0.001) with IBP partial 
and total scores (Fig. S5). The logarithmic 
regression provides a better fit to the IBP 
trend than the linear model, accurately rep-
resenting the initial rapid increase followed 
by a plateau at higher SHI values.

Discussion
It  is  pivotal  to  deploy  rapid,  effective 

methods  to  monitor  current  and  future 
non-productive  plantations  within  the 
framework  of  climate  adaptation  actions 
(Veerkamp et al. 2021). Our study showed 
the potential of the IBP index for an easy 
yet effective estimation of stand-structure 
diversification, which can be used to assess 
the degree of  ecological  complexity  in  ri-
parian poplar stands.

European black poplar (Populus nigra L.) 
and related willows (Salix spp.)  dominate 
the  early  successional  stages  of  alluvial 

floodplain  forests  after  flood  events  in 
temperate ecoregions of Western and Cen-
tral Europe (Corenblit et al. 2014). Further, 
plantations  have  replaced  some  natural 
black  poplar  woodlands  with  artificial  hy-
brid poplars (e.g.,  P. ×canadensis Moench), 
which have limited genetic diversity (Smul-
ders  et  al.  2008).  Additionally,  P.  nigra 
seedlings  are  unable  to  establish  below 
their  own  canopy,  diminishing  the  struc-
tural diversity in stable stands, and leading 
to overaged floodplain forests and succes-
sion towards mature or climax forests (Tin-
schert et al.  2020).  These riparian ecosys-
tems are oversimplified by natural dynam-
ics (e.g., floodplains) and by anthropogenic 
activities  (e.g.,  agroforestry  operations). 
The  absence  of  significant  divergence  in 
key attributes such as quadratic  mean di-
ameter,  tree basal  area,  and volume indi-
cates that the free development of  semi-
natural stands has not yet translated into 
substantial  structural  differentiation.  This 
overall  similarity  between  cultivated  and 
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Fig. 4 - Correlation plots 
with linear regression for 

the IBP partial values
 (x-axis) with the selected 

structural parameters
 (y-axis). Plots representing 

the three stand types are 
drawn with different 
shapes (see legend).

Fig. 5 - Correlation plot with logarithmic regression among SHI (x-axis) index and IBPs 
(partial and total, y-axis).
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semi-natural  poplar  stands  likely  reflects 
their  origin  and  relatively  uniform  age 
structure. However, this should not be in-
terpreted as an ecological equivalence, but 
rather as a limitation of conventional struc-
tural  descriptors  – mainly  driven  by  tree 
size  and  density  – in  capturing  subtle  or 
early-stage  heterogeneity  resulting  from 
reduced management. Deadwood distribu-
tion and the Gini coefficient suggest an ini-
tial  shift  toward  greater  complexity, 
though  still  limited  in  magnitude.  In  line 
with these results, both SHI and FSI clearly 
distinguished cultivated from semi-natural 
and natural stands but showed a weak dis-
tinction between the latter two.

In this context, IBP shows good suitability 
for evaluating stand structural complexity, 
consistent with the main structural param-
eters and synthetic indices. Surprisingly, al-
though it  exhibits low variability,  the Gini 
coefficient is recorded by IBP and accounts 
for  differences  between  stands.  Surely, 
scores for some IBP factors (e.g., the living 
and  dead  trees  dimension)  must  be  ad-
justed  in  the  evaluation  of  intensive  and 
semi-natural  plantations,  especially  to  re-
duce dimensional thresholds, as their struc-
tural  similarity  greatly  influences  the  in-
dex’s sensitivity. In this way, it will be pos-
sible to better capture and enhance biodi-
versity  potential  in  relatively  simple  land-
scapes, such as the surveyed floodplain ar-
eas in rural landscapes.

Among the synthetic indices considered, 
IBP  shows  the  best  correlation  with  SHI, 
likely due to its more context-related fea-
tures and its ability to evaluate structural 
differences  within  a  relatively  homoge-
neous forest stand (i.e.,  central  Apennine 
beech  forests  – Sabatini  et  al.  2015).  It 
quantifies how far a stand is from an ideal 
reference  state  (e.g.,  typically  an  old-
growth  or  near-natural  condition  forest 
stand,  such as  the  natural  poplars  in  our 
study)  by  capturing  subtle  within-stand 
variations  in  tree  size  distribution,  spatial 
arrangement,  and layering.  Consequently, 
SHI performs particularly  well  in contexts 
where forest stands share similar composi-
tional  and  developmental  characteristics, 
as it is sensitive to local gradients in struc-
tural  complexity.  The  broad  span  of  SHI 
scores (from under 40 in cultivated stands 
to more than 90 in natural and semi-natu-
ral stands, within a potential range of 1 to 
100) reflects its ability to discriminate struc-
tural  differences  at  fine  scales.  However, 
this sensitivity also poses a limitation when 
applied to intensively managed and struc-
turally  simplified  systems,  such  as  poplar 
plantations,  where  structural  variability  is 
inherently low and primarily driven by man-
agement rather than natural  dynamics. In 
such  even-aged,  monocultural  contexts, 
SHI  values  may  cluster  within  a  narrow 
range,  limiting  their  capacity  to  detect 
meaningful  differences  among  managed 
stands. By contrast, the FSI was designed 
to  capture  structural  diversity  across  a 
wide range of  forest  types,  though for  a 

limited geographical  context,  by  integrat-
ing multiple metrics of tree size variability 
and spatial heterogeneity into a standard-
ized  framework.  As  such,  it  seems  more 
effective  for  comparative  analyses  across 
broad datasets encompassing distinct for-
est  types and management intensities.  In 
the  present  study,  FSI  values  remained 
generally low (only two plots reached 0.33, 
out of a maximum possible score of 1, with 
most plots below 0.26), reflecting both the 
intrinsic homogeneity of poplar stands and 
the relatively narrow range of variation in 
key structural parameters (e.g., deadwood 
volume, basal  area,  Gini  coefficient for di-
ameter).  Among  stand-scale  IBP  factors, 
native  tree  taxonomic  groups  and  the 
large-size  wood  element  factors  showed 
good suitability for describing forest struc-
ture,  even  in  very  simplified  forest  land-
scapes, such as poplar plantations, captur-
ing a representative range of diversity and 
tree dimensions and thus enabling distinc-
tion between sites and stand complexity.

On the other  hand,  the absence of  bio-
mass quantification leads to an overestima-
tion  of  the  role  of  some  elements  (e.g., 
deadwood)  in  forest  biogeochemical  cy-
cles, compared with ecological dynamics in 
more natural stands. Therefore, comparing 
IBP scores with quantitative structural pa-
rameters or synthetic indices is particularly 
important.  Moreover,  the index does not 
consider  some  pivotal  parameters  to  as-
sess the potential  biodiversity (e.g.,  dead-
wood decay stages) of a site; in this sense, 
IBP could be refined with a few new con-
text-dependent parameters and combined 
with  specific  synthetic  indicators  used  in 
FSI  computation  (e.g.,  compositional  het-
erogeneity of regeneration, downed dead-
wood  decay  stage,  bark  diversity).  Den-
dromicrohabitat factors indicate that culti-
vated  systems  can  support,  even  at  low 
abundances,  a  broad  range  of  potential 
tree-related  habitats  for  wild  fauna  (e.g., 
nests), some of which are absent in natural 
stands  (e.g.,  woodpecker  cavities).  How-
ever, poplar plantations are usually consid-
ered  marginal  habitats  for  woodpeckers 
(Porro  et  al.  2021).  On  the  contrary,  IBP 
context-dependent  factors  are  poorly 
suited  to  capture  site-scale  variation, 
mainly because of the high homogeneity of 
these  rural  river  landscapes.  Different  or 
smaller-scale parameters (e.g., open-space 
size and morphological variability) could be 
added depending on the landscape type.

As forest biodiversity comprises composi-
tional,  structural,  and  functional  diversity 
at  different  spatial  scales  (Cosović  et  al. 
2020), structural diversity can be seen as a 
direct  link  to  biodiversity  and  ecosystem 
functioning (Barnett et al. 1978, Schall et al. 
2018). In this sense, deepening knowledge 
of the synthetic indices that can be used as 
faster, less expensive alternatives to direct 
data collection could be a valuable option, 
especially  in  landscapes  subject  to  rapid 
changes  driven  by  natural  (e.g.,  flooding 
events)  or  anthropogenic  (e.g.,  socio-eco-

nomic needs) factors. Evidence could guide 
forest restoration activities in floodplain ar-
eas,  shaping  stand  structural  complexity 
and thus influencing its biodiversity poten-
tial (Schall et al. 2018). According to our re-
sults, the IBP could be applied to identify 
stands with greater potential for structural 
and biodiversity enhancement, for instance 
by  prioritizing  interventions  that  increase 
vertical layering, tree size variability, or the 
presence of large living and deadwood ele-
ments.  Its  sensitivity  should  nevertheless 
be refined with the abovementioned origi-
nal  context-dependent  parameters.  The 
comparable IBP and SHI values observed in 
semi-natural  and  natural  stands  indicate 
that even relatively young (15- to 20-year-
old  stands)  semi-natural  plantations  can 
rapidly approach the structural features of 
reference systems, reinforcing their role as 
effective nature-based solutions for restor-
ing complexity and ecological resilience in 
degraded riparian forests.

Conclusion
The  relatively  homogeneous  structural 

characteristics of riparian forest stands of-
fer  an  interesting  case  study  for  further 
evaluating the suitability  of  IBP to  assess 
stand  structural  complexity,  in  line  with 
structural  parameters  and  synthetic  in-
dices. Overall, the IBP demonstrates strong 
potential  to  capture  structural  variation, 
even within simplified forest systems such 
as  poplar  plantations,  and  shows  consis-
tent alignment with quantitative stand at-
tributes and SHI values. These findings un-
derscore its value as a rapid and cost-effec-
tive  indicator  to  support  monitoring,  res-
toration,  and  management  strategies 
aimed at  enhancing structural  complexity 
and biodiversity in riparian forests. Future 
work should expand the number  of  sam-
pling sites across different stand develop-
ment stages, reweight parameters to bet-
ter reflect their relative importance, and re-
calibrate the index for a more context-spe-
cific approach. Moreover, it will be essen-
tial to assess the diversity of different taxo-
nomic groups to deepen the relationships 
between  IBP  and  synthetic  structural  in-
dices.
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Fig. S1 -  Diameter distribution (number of 
trees per ha) for DBH classes (10 cm) for 
the different management types (cul= culti-
vated; sem= seminatural; nat= natural). 

Fig. S2 - Tree species mean basal (mq ha-1  ) 
area  distribution  for  management  type 
(cul=  cultivated;  sem=  seminatural;  nat= 
natural). 

Fig. S3 - Abundance score of (a) native tree 
taxonomic  groups;  (b)  living  and  dead-

wood  large  size  elements;  (c)  dendro-
micro-habitats, and its distribution among 
stand management types. 

Fig.  S4 -  Pearson’s correlation matrix and 
correlation  tests  among  all  structural 
parameters and indices. 

Fig.  S5 -  Correlation  coefficients,  correla-
tion tests, and scatterplots for partial and 
total IBP, FSI, and SHI. 
Tab. S1 - Factors considered by SHI and FSI 
indices. 

Tab.  S2 -  Mean  (standard  deviation)  of 
deadwood component for each stand type. 

Tab. S3 - SHI and FSI score mean (standard 
deviation), maximum (max), and minimum 
(min) values for stand type. 

Tab. S4 - Partial and Total IBP mean (stan-
dard deviation), maximum (max), and mini-
mum (min) values for stand type.
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