


PRESENTATION 

The work originates from the professional experience of the author, Giovanni Nobili who has the 

role of manager of the State Natural Reserves in the study area, as Commander of the Reparto 

Carabinieri for Biodiversity, Punta Marina – Ravenna. 

As a rule, the approach to the conservation of species and habitats follows a repetitive pattern 

(Ludwig, 2001). Initially, specialists and researchers highlight the crisis phase. Legal regulations 

follows, with a general and local application. The subsequent management phase must take into 

account the limits of applicability (for example technical, economic).  

In highly dynamic environments, management interventions do not always achieve the set 

objectives, in particular in a long-term perspective.  

Historically, the cultural and socio-economic context produces the initial intentions of protection 

and management. These management perspectives change over time together with environmental 

conditions. Human society make governance choices in an adaptive way, by selecting some natural 

processes (Ecosystem services) which produce benefits for man in a given historical phase (see 

Smail, 2017). 

The ongoing environmental changes impose the challenge of redesigning the Po Delta landscape to 

promoting biodiversity also in light of past management decisions. 

Author is primarily responsible for the choice of the research topic of this PhD thesis and for the 

management aspects contained in the scientific publications. The final discussion and the proposals 

for territorial governance are completely original and under the responsibility of the author. 

Special thanks to the tutor, Prof. Elisa Anna Fano and to dr. Mattias Gaglio. Without their support 

this work could not have been completed. Thanks to all the other authors of the scientific 

publications that allowed me to participate in their works. 
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INTRODUCTION 

Anthropogenic activities and related impacts deeply altered the ecosystems and the ecological 

functions they provide (Millennium Ecosystem Assessment 2005; Rocha et al. 2015). At the same 

time, humans strictly depend on the conservation of the environment for the support of their well-

being. Moreover, such impacts act synergistically with natural environmental variations and climate 

change, resulting in cumulative effects that harm biodiversity conservation and economic activities 

(Halpern et al. 2015; Colombani et al. 2017; Pecl et al. 2017). 

This is particularly evident in deltaic environments, which host a peculiar diversity of ecosystems 

and species, while being among the most productive areas worldwide (Yu et al. 2018; Ahmed et al. 

2019). Despite their importance in terms of biological conservation and their intrinsic 

multifunctionality (Do & Bennet 2009; Cui et al. 2009), river deltas are typically subjected to very 

relevant anthropogenic alterations aimed to maximize one or few specific functions (e.g. food 

production).  

Since deltaic soils are often highly productive, humans reclaimed significant parts of deltaic 

landscapes with the aim to obtain agricultural land (Gaglio et al. 2017a; Xu et al. 2017). The 

consequent alteration of hydraulic balances combined with increasing temperatures, altered 

precipitation patterns and the increasing demand for irrigation led to relevant depletion of 

freshwater resources (Piao et al. 2010; Elliott et al. 2014; Iglesias & Garrote 2015). 

Deltaic transitional environments are exploited for fishing and intensive aquaculture. These 

activities produce important environmental impacts (Tamburini et al. 2019) and often require 

important ecological alterations. On the other hand, they generate very relevant economic incomes 

that support the local communities that need to face climate change and to be harmonized with 

conservation and other uses (Truong & Do 2018; Ahmed et al. 2019). 

Additionally, deltas are naturally changing environments. Coastal habitats continuously evolve as 

result of sediment loads carried by rivers and sand erosion performed by the sea (Mikhailov & 

Mikhailova 2003; Anthony et al. 2015). The raising of sea levels is harming several coastal zones 

that are also subjected to natural subsidence because of soil compaction (Dang et al. 2018; Voosen 

2019).  

Overall, the challenge of conserving and managing deltaic areas within the complex framework of 

human impacts, natural environmental and climatic changes calls for proper environmental 

governance. Since passive protection resulted not effective in conserving both biodiversity and 

human well-being (Gaglio et al. 2017a, b; 2019; García Márquez et al. 2017), the adoption of a 

governance which includes active environmental measures is urgently needed.  

In this sense, the concept of “Ecosystem Services” (ES) gained an increased popularity among 
scientists and environmental managers, as suitable argument to link biodiversity conservation and 

human well-being (De Groot et al. 2002; Maes et al. 2012). ES was defined by the Millennium 

Ecosystem Assessment (MEA 2005) as “the benefits people obtain from ecosystems”. Anyway, ES 
definition and concept undergone an import evolution together with the attempts to implement them 

into decision making processes. A clear role of “ecological functionality” in the ES framework was 
introduced by the definition provided by Kremen (2005): “Ecosystem services   are   the   set   of   

ecosystem   functions   that   are   useful   to   humans” and after more widely implemented by 
Haines-Young & Potschin (2010).   



The implementation of the ES approach in the governance of river deltas may represent a solution 

for sustainable development of these areas. However, ES operationalization urgently need 

investigations and data concerning ecological functions, effects of human uses and climate change 

on deltaic ecosystems.   

In work’s first part, two cases of study show effects of environmental changes on freshwater 

communities caused of salinity enhance. Study area is a strictly protected State Natural Reserve: 

salinity increase as the result of a series of causes like subsidence, arise of sea level, reclamation of 

freshwater wetlands, decrease in rainfall and stiffening of coastline. Then, changes in local 

Biodiversity is the result of many indirect causes link with human activities rather than result from 

management interventions. Which are effects of salinity increase? Is it possible to asses future 

effects of salinity changes on local Biodiversity?  There is a threshold value before irreversible 

habitat deterioration?  

In work’s second part, two other cases of study concern large scales changes in habitat and water 
table salinity directly linked with human activities. Aquaculture in a brackish lagoon needed to 

increase seawater circulation leading to habitat simplification and Ecosystem Services degradation, 

with loss of regulating, supporting and cultural services. A particular case of study show salinity 

under dunes water table decrease after a pinewood fire. Sand dune capacity to maintain freshwater 

water table is an ES never locally recognized before. Burnt pinewood behaved like a “rigid” 
structure, in ecological and cultural sense. Therefore, in both study cases, restoration of ESs 

function need a cultural process through recognition of intrinsic natural value of pristine habitats, 

respectively vegetated lagoon and sand dunes.  ESs approach is sustainable for governance?  Are 

ESs stable over time? Changes in ESs over time have a governance interest? Cultural ESs could 

have a key role to force governance choices? 
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Strictly protected State Nature Reserve “Bosco della Mesola” - faced on Sacca di Goro, a brackish 

lagoon at south Po river delta - host small water bodies with peculiar biodiversity.  

Despite high level of protection, aquatic macroinvertebrate communities are threatened by indirect 

environmental changes such as saltwater intrusion.  

Macroinvertebrate communities are resilient to moderate increases of salinity, but salinization 

increase to polihaline levels causes dramatic biodiversity losses and a drastic community 

simplification in terms of functional groups composition.  

Since subsidence, climate change and anthropogenic activities are expected to exacerbate 

salinization, management measures are required for the conservation of aquatic biodiversity in 

coastal small wetlands.  
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The wetland vegetation of the Nature Reserve is arranged according to a salinity gradient, from salt-

free habitats to strongly saline habitats. The saline habitats have high nutrient levels, due to the 

influx of nitrate-rich saltwater from adjacent lagoon. Water-table depth and concentration of 

dissolved nutrients in the water were the main factors structuring waterplant vegetation.  

The main driver of future changes in the wetland vegetation is the ongoing increase in salinity 

levels which may enhance expansion of halophilic species and communities, thus outcompeting 

locally rare freshwater species.  

If nutrient, especially nitrate, load further increases in the next future, this may exert negative 

effects on wetland species and communities preferring nutrient-poor habitats. 
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Abstract 

Coastal areas often host small water bodies described by high levels of biodiversity, which are threatened 

by environmental changes such as saltwater intrusion. This work evaluates the salinization effects on 

macroinvertebrate invertebrate communities of 16 permanent small wetlands (ponds) located in a coastal 

Mediterranean forest in Northern Italy, characterized by different salinity levels. From a preliminary 

multivariate analysis (CCA), salinity was detected as the only important parameter affecting taxa 

distribution. Thus, taxonomic diversity, biological and functional traits of macroinvertebrate 

communities were analyzed considering three salinity classes (freshwater, oligo-mesohaline and 

polihaline). The threshold indicator taxa analysis (TITAN) was used for detecting changes in taxa 

abundance distributions within the salinity range and for assessing synchrony among taxa abundance 

change points as evidence of community thresholds. Taxonomic diversity indices and 

functional/biological traits among the three salinity classes were also compared. The findings 

demonstrated that ponds’ macroinvertebrate communities are resilient to moderate increases of salinity, 

but salinization increase to polihaline levels causes dramatic biodiversity losses and a drastic community 

simplification in terms of functional groups composition. Since climate change and anthropogenic 

activities are expected to exacerbate salinization, management measures are required for the conservation 

of aquatic biodiversity in coastal small wetlands. 

Keywords:  

Macrozoobenthos, salinization, polihaline, TITAN, taxonomic diversity indices, functional traits. 

 



 2 

Introduction 

Climate change is expected to generate significant ecosystems modifications worldwide, causing 

changes in environmental conditions and ecosystem processes (Scholze et al., 2006).   

Transitional environments as deltaic areas are markedly vulnerable to climatic and environmental 

changes because of their sensitive hydrological balances and the increasing presence of human 

settlements and activities (Gu et al., 2011; House et al., 2016; Gaglio et al., 2019). Deltas host different 

typologies of aquatic environments, as river branches, wetlands, salt marshes and mudflats, that bestow 

them a high environmental diversity and provide several ecological functions (Gaglio et al., 2017a). Since 

the changes of environmental and climatic conditions are predicted to affect aquatic biotic and abiotic 

components underpinning deltas ecological functions, the investigation on and the management of 

consequences on river deltas are of paramount importance to guarantee biodiversity conservation and 

human well-being. 

The deltaic areas of Mediterranean region are particularly vulnerable to climate change, as an 

increase of temperature and a decrease of precipitation has been already identified (Cramer et al., 2018). 

The combined effects of raising water demand and water scarcity will significantly affect future water 

availability in Mediterranean basins (Saadi et al., 2015). Raising temperatures will increase 

evapotranspiration rates, while the reduced amount of rainfall will exacerbate plant water stress, requiring 

higher amounts of water withdrawals for crop irrigation. This trend will significantly influence the 

wetlands biota by favoring species more tolerant to drought and variable conditions at the expense of 

more specialist ones (Johansen et al., 2018). At community level, the responses to such phenomena can 

be observed by investigating macroinvertebrate assemblages. In Mediterranean coastal systems, climate 

change was observed to cause losses of taxonomic and functional diversity in macroinvertebrate 

communities (Cardoso et al., 2008; Pitacco et al., 2018). 
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The resilience of aquatic ecosystems to environmental changes relies on the capacity of aquatic 

biota to reestablish living communities after perturbations (Downing and Leibold, 2010; Schaffner, 

2010). Nonetheless, the newly established communities may present different levels of taxonomic and 

functional diversity, as a consequence of adaptation to the new environmental conditions (Macleod et 

al., 2008). This may lead to a general loss of both biodiversity and capacity to respond to additional 

perturbations, which further threaten these ecosystems. 

Aquatic ecosystems are widely subjected to increasing pressures harming their ecological quality. 

The intensification of human activities, such as agriculture, aquaculture, water withdrawals, and the 

ongoing climatic changes can lead to detrimental effects in their ecological standards and capacity to 

support human well-being (Blann et al., 2009; Day et al., 2008; Gaglio et al., 2019; Xenopoulos et al., 

2005). 

Salinization is one of the main stressors affecting deltaic areas that occur as a synergic effect of 

climatic changes and anthropogenic effects (Colombani et al., 2016). These transitional environments 

are highly sensitive to changes of both terrestrial and marine components (Harley et al., 2006), as well 

as climatic factors (Nielsen and Brock, 2009; Scavia et al., 2002). Different natural and human-related 

factors concur to the increase of salinity levels of water bodies. Primary salinization is referred to natural 

salt accumulation from rainwater and leached from terrestrial sources unaffected by human activities. 

Contrary, secondary salinization is caused by human-induced mechanisms, such as vegetation clearance, 

intensive irrigation, river regulation and land reclamation (Gaglio et al., 2017a; Herbert et al., 2015). 

Unlike primary salinization, secondary salinization occurs on a time frame of decades or less, under the 

consequence of human alteration of hydrological cycles (Herbert et al., 2015). 

Salinity affects the presence of species both directly, for example through osmoregulation 

physiology, and indirectly, by influencing abiotic factors and biotic interactions (Liancourt et al., 2005; 

Pinder et al., 2005; Withers, 1992). Freshwater invertebrates can withstand small salinity increases 



 4 

maintaining constant iso-osmotic conditions between haemolymph and external solutions. With the 

increase of external solute concentrations, many freshwater invertebrates suffer from dehydration, while 

salt-tolerant aquatic invertebrates respond to the increased salinity by adopting osmoregulation strategies 

for maintaining constant the osmotic concentration of body fluids (Evans, 2008).  

Salinity also influences competition among species. The role of competition may vary with the 

level of abiotic stress, such as salinity, as a result of different tolerance and competitive response of 

species (La Peyre et al. 2001; Liancourt et al. 2005). Variation of salinity levels mediates trophic cascade 

by influencing predators’ abundance, thus altering their top-down control on preys (Cañedo-Argüelles et 

al., 2016; Herbst, 2006; Herbst and Blinn, 1998). Moreover, salinity may interact with other 

environmental factors to influence species composition (Larson and Belovsky, 2013). 

The effects of increasing salinity levels on macroinvertebrate communities were described in 

literature for coastal marine habitats (Zettler et al., 2014), estuarine (Little et al., 2017; Ritter et al., 2005) 

and lagoons (Como et al., 2018), but very few studies exist for pond systems (Boix et al., 2008). 

Ponds are small and isolated ecosystems ranging from 1 m2 to few hectares, which temporarily 

or permanently store water (De Meester et al., 2005). They are biodiversity hotspots both in terms of 

species composition and biological traits, and provide ecosystem services to support human well-being 

(Céréghino et al., 2014, 2012). Pond ecosystems host a large number of species and rare species, 

exceeding those of other aquatic ecosystems such as streams and lakes (Williams et al., 2004). 

Consequently, despite their limited dimensions, ponds are fundamental features for biodiversity 

conservation at the landscape scale (Céréghino et al., 2014; Coccia et al., 2016). In fact, in addition to 

the diversity of their own communities, ponds also play a role as stepping stones for aquatic mobile 

species, thus mitigating the negative effects of habitat fragmentation and increasing aquatic habitats’ 

connectivity (Pereira et al., 2011; Rothermel, 2004). 
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Ponds are ideal sentinels and early warning systems of environmental changes due to their 

sensitivity to environmental changes, which is associated to their small size and the high interaction with 

the groundwater (De Meester et al., 2005). Particularly, pond macroinvertebrate communities can be 

sensitive indicators of how living communities respond to environmental variations in coastal systems.    

However, the set of environmental variables governing pond community composition and species 

traits is specific for each climatic/biogeographic region (Céréghino et al., 2012; De Marco et al., 2014; 

Ruhí et al., 2013). Therefore, site-specific investigations are needed to assess the response of 

macroinvertebrate communities of pond systems.  

The aim of this study is to investigate macroinvertebrate communities’ changes within a salinity 

range in a coastal permanent system of ponds located in the Po river delta (Northern Italy), by means of 

taxonomic and functional (i.e. biological traits) analyses. Overall, the assessment of macroinvertebrate 

community responses to salinity can shed light on how biodiversity and ecological functions of aquatic 

ecosystems of deltaic areas are expected to change as consequences of future environmental and climatic 

modifications.  

 

Material and Methods 

Study area 

This study was carried out at “Bosco della Mesola” (44°50′ 28΄΄ N, 12°15′ 12΄΄ E), a National 

Natural Reserve of 1058 ha located in the province of Ferrara (Northern Italy), with an altitude ranging 

from -1 to +3 m a.s.l (Fig. 1).  

The Nature Reserve “Bosco della Mesola” hosts a ponds’ system formed by small water bodies 

mainly located among the ancient dunes, where water stagnation is fed either by rainfall or by the coastal 

aquifer that is hydrologically connected to the sea or, in a lesser extent, by incoming water from the canal 

system. Their aquatic biota includes macroinvertebrate, amphibian and reptile communities. No fishes 
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were observed in ponds. The ponds’ system is characterized by different salinity levels. Water bodies 

near the shoreline are influenced by seawater rising from groundwater table and by occasional floods, 

while the ponds located northern receive freshwater from drainage canals. 

The surrounding area was strongly altered by human interventions during the last century, e.g. 

wetland reclamations, that affected the local hydrological balance (Gaglio et al., 2017a). Additionally, 

the area is subjected to subsidence that causes the progressive intrusion of saltwater towards the inner 

part of the Reserve, due to the progressive difficulties in recharging water table with freshwater, affecting 

the communities of living organisms of local water bodies (Gerdol et al., 2018). Moreover, climatic 

changes could speed up the salinization level of ponds’ system, thus exacerbating such impacts. 

Macroinvertebrate communities were studied as suitable indicators for detecting salinization effects on 

aquatic biota of small wetlands of deltaic areas, such as the case of the “Bosco della Mesola” ponds in 

the river Po delta. 

 

] 

Fig.1 The study area of the 16 ponds where samplings were performed. 
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Sampling procedures 

The macroinvertebrate communities of 16 permanent coastal ponds were sampled during May 

2017. The 14 ponds are located inside the Nature Reserve of “Bosco della Mesola” in north-eastern Italy. 

Moreover, two additional ponds were sampled outside the Reserve, located southern in a coastal outlet 

(Fig. 1). No temporary ponds were considered in the analysis. The salinity levels ranged between 0.2 and 

29.3 psu. The ponds were classified into three salinity classes according to the classification of Por 

(1972): freshwater (<0.5 psu), oligo-mesohaline (0.5-18 psu) and polyhaline (>18 psu). Benthic 

macrofauna was collected sweeping a 40 cm-wide D-frame hand net (mesh size = 500 μm) for an area 

of 1 m2. Samplings were carried out in 3 different sites within each pond, one in central and two in the 

littoral parts, to capture intra-pond variability. Animals were preserved in 4% formalin solution and later 

identified in laboratory up to the genus level, and when it was no feasible, family level was reached. 

Hence, the respective biological/functional traits (feeding, mobility, adult life habitat, body size, life 

span, reproductive frequency, habitat choice) were attributed to each taxon by means of bibliographic 

information using the databases of Horton et al. (2017) and (MarLIN, 2006). When observed taxa were 

not covered by these sources, Thorp and Covich (2010) was used as alternative literature. Table 1 

provides the 39 taxa observed in the sampling ponds. 

Eight environmental factors were measured/assessed during samplings (Table 2). Water 

temperature, oxygen saturation and salinity were measured using a multi-parameter probe (YSI Model 

85). Pond surface and water depth were also measured in situ. Euclidean nearest-neighbor distance 

(ENN) was computed using Fragstat 4.2 (McGarigal, 2014) as a measure of pond isolation. ENN can be 

defined as the shortest straight-line distance between the focal patch and its nearest neighbor of the same 

class. ENN was calculated for each pond, also considering the presence of other water bodies, such as 

channels and coastal lagoons. Aquatic vegetation and canopy coverage above the pond (%) were 

measured by visual assessment of photographs taken on site.  
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Table 1. Taxa observed in the 16 sampling ponds of Bosco della Mesola. 

Phylum Order Family Family abbr. Genus 

Anellida Haplotaxidae Naitidae Nai - 

Anellida Hirudinida Hirudinidae Hir Hirudo 

Anellida Polychaeta Nereidae Ner Nereis 

Crustacea Amphipoda Corophiidae Cor Corophium 

Crustacea Amphipoda Gammaridae Gam Echinogammarus 

    Gammarus 

Crustacea Decapoda Cambaridae Cam Procambarus 

Crustacea Decapoda Portunidae Por Carcinus 

Crustacea Isopoda Asellidae Ase Asellus 

Crustacea Isopoda Sphaeromatidae Sph Sphaeroma 

Insecta Coleoptera Dytiscidae Dyt - 

Insecta Coleoptera Haliplidae Hal - 

Insecta Coleoptera Hydrophilidae Hyd Helochares 

Insecta Diptera Ceratopogonidae Cer - 

Insecta Diptera Chaoboridae Chi Chaoborus 

    Chironomus 

    Cladopelma 

    Cryptochironomus 

    Parachironomus 

    Polypedilum 

Insecta Diptera Orthocladiinae Ort Orthocladius 

Insecta Diptera Tanyponidae Tan Procladius 

    Psectrotanypus 

    Tanypus 

Insecta Ephemeroptera Baetidae Bae Baetis 

    Cloeon  

Insecta Heteroptera Corixidae Crx Cymatia 

    Micronecta 

Insecta Heteroptera Nepidae Nep Nepa 

Insecta Lepidoptera Crambidae Cra Cataclysta 

    Paraponyx 

Insecta Odonata Lestidae Les Chalcolestes 

Insecta Odonata Libellulidae Lib Libellula 

Mollusca Bivalvia Corbulidae Crb Corbula 

Mollusca Gasteropoda Bithyniidae Bit Bithynia 

Mollusca Gasteropoda Lymnaeidae Lym Lymnae 

Mollusca Gasteropoda Physidae Phy Physa 

Mollusca Gasteropoda Planorbidae Pla Planorbis 

Nematoda - - Nem - 
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Table 2. Environmental parameters used in this study for analyzing taxa responses. 

Parameter Unit Transformation Abbrev. Max Min Mean SD 

Temperature °C Log (x+1) Temp 29.6 12.4 17.2 5.7 

Oxygen saturation % arcsin (x/100)0.5 O2 100.0 8.5 56.3 30.5 

Surface area m² Log (x+1) Area 6191.5 24.0 641.9 1514.0 

Depth cm Log (x+1) Dep 63.0 10.0 34.3 16.6 

Salinity psu Log (x+1) Salt 29.3 0.2 6.3 9.8 

Vegetation % arcsin (x/100)0.5 Veg 40.0 0.0 4.1 10.8 

Canopy % arcsin (x/100)0.5 Can 50.0 0.0 14.4 18.6 

ENN m Log (x+1) ENN 356.5 28.3 103.9 88.0 

 

Methods of analysis 

Detection and evaluation of salinity gradient effects on taxa abundance 

All environmental parameters and taxa abundance were transformed to reduce normality 

departures. Environmental parameters, which are ratios/percentages, were transformed using 

arcsin(x/100)0.5 while the rest environmental parameters and taxa abundance (ind. m-2) using log(x+1) 

(Aschonitis et al., 2016). Spearman correlations were performed among environmental variables of Table 

2. 

Multiple gradient analysis was performed for assessing the effect of multiple descriptors 

(environmental parameters) on multiple target variables (taxa) using Canonical Correspondence Analysis 

(CCA) (Lepš and Šmilauer, 2003; ter Braak and Smilauer, 2002). CCA was performed using CANOCO 

4.5, based on target variables correlations and their standardized scores (ter Braak and Smilauer, 2002). 

The method was applied following the same steps as those described in a similar case study (Aschonitis 

et al., 2016) and significant descriptors were identified using CANOCO’s forward selection procedure 

and Monte Carlo permutation test (499 permutations) (a default option in the CANOCO software). 

Collinear variables with variance inflation factor VIF>8 (Zuur et al., 2007) or variables with statistical 

significance p>0.5 were excluded from multiple gradient analysis. The multivariate analysis was 

performed for macroinvertebrate communities at the family level, which is considered a sufficient level 
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for invertebrate community analysis (Gayraud et al., 2003). This analysis detected that the only 

statistically significant descriptor variable at p<0.05 level is salinity. For this reason, more details 

regarding this analysis are not presented in this study because a method of single gradient analysis is 

more appropriate.  

The threshold indicator taxa analysis TITAN (Baker and King 2010) is a single gradient analysis 

method that is used in ecological studies for detecting changes in taxa abundance distributions along a 

unique environmental gradient (i.e. salinity) and for assessing synchrony among taxa abundance change 

points as evidence of community thresholds (Baker and King 2010). TITAN uses bootstrapping for 

estimating purity and reliability (measures of statistical significance for this type of analysis) as well as 

uncertainty of change points related to individual taxa abundances along the salinity gradient. Usually, a 

cut off value of 95% is used in both purity and reliability criteria for identifying statistical robust 

responses of taxa abundance versus an environmental gradient (i.e. salinity). The purity cut off value 

defines what is considered a pure response direction. A purity value of 0.95 indicates that 95% of the 

results from bootstrap replicates agree with the observed response direction. The reliability cut off value 

defines what is considered a reliable response magnitude. A reliability value of 0.95 indicates that 95% 

of the results from bootstrap replicates have a IndVal p-value less than or equal to 0.05, indicating a 

response magnitude at a given change point location that is significantly different from what would 

expect from random permutation (Baker and King 2010) {for more explanations about IndVal p-value, 

see Dufrêne and Legendre (1997) and Baker and King (2010)}. In this study, the purity and reliability 

values were estimated and the response plots versus salinity gradient were developed for all taxa without 

considering cut off values. The TITAN analysis was performed with TITAN2 version 2.1 (Baker et al. 

2015) in R language using 500 random permutations of taxa abundances and creating 1000 new bootstrap 

datasets created by resampling the observed data with replacement.  
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Effects of salinity on biological traits and diversity measures 

The differences among population indices such as species richness (S), Shannon's diversity index 

(H΄) and Pielou evenness index (J΄) among the three salinity classes of ponds (i.e. Freshwater, Oligo-

mesohaline, Polihaline) were evaluated. 

Significant differences in biological traits among the three respective salinity classes of ponds were 

evaluated through the comparison of proportions with χ2 test for P-value ≤ 0.01. For each trait, the 

comparison was performed between the proportion of each trait type of the three salinity classes versus 

the overall proportion of the remaining types in the respective salinity class (e.g. for the “adult life 

habitat” trait, the significance of difference of “aquatic” type in the three salinity classes was evaluated 

comparing “aquatic” vs. “aeric”). The null hypothesis was that the proportion of the two trait types (or 

of the proportion of the one trait type versus the remaining ones) did not differ over the three salinity 

classes. Afterward, an analysis of means (ANOM) plot with 99% confidence was applied to provide 

indications about the direction of the significant differences based on the deviation from the grand mean 

of the ANOM plots (Fedrigotti et al., 2016; Gaglio et al., 2017b). 

 

Results 

Effect of salinity gradient on taxa abundance  

As it was mentioned in the Methods section, CCA detected that the most important parameter from 

Table 2 but also the only parameter with statistical significance at p<0.05 level describing the taxa 

variance was salinity. The Spearman correlations among the environmental variables (Table 3) showed 

that salinity is significantly positively correlated with temperature, oxygen saturation and pond area while 

it is significantly negatively correlated with canopy coverage. Thus, salinity can also be used as a general 

surrogate descriptor of the aforementioned environmental parameters.  
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Table 3. Spearman correlations among environmental variables of Table 2. 

  Temp O2 Area Dep Salt Veg Can ENN 

Temp 1               

O2 0.531** 1       

Area 0.639** 0.472* 1      

Dep -0.309 -0.196 -0.149 1     

Salt 0.848** 0.732** 0.714** -0.172 1    

Veg -0.207 0.261 -0.146 -0.197 -0.197 1   

Can -0.422 -0.555** -0.255 0.490* -0.478* -0.292 1  

ENN 0.060 0.215 0.407 -0.074 0.319 0.021 0.155 1 

**,* Statistical significance for p<0.01 and p<0.05 level, respectively.  

 

 

The results of TITAN analysis that concern the effects of salinity gradient on taxa abundance are 

provided in Table 4 and Fig. 2. Table 4 provides the indicator change point (CP) along the salinity 

gradient (median of 1000 bootstrap replicates), the purity and reliability % of CP, and the response 

(positive + or negative -) of each taxon versus the increase of salinity gradient. Fig. 2 shows the declining 

taxa on the left axis and the increasing taxa on the right axis. The observed change point (median of 

bootstrap replicates) is indicated by the circular symbol, while the horizontal lines behind each circular 

symbol describe the 5-95% quantiles from the bootstrapped change point distribution. Taking into 

account Table 4 and Fig. 2, the following observations were made: 

 18 out of 28 taxa showed purity >95%, while 9 out of 28 taxa showed both purity and reliability 

>95% (other taxa showing only reliability >95% were not observed). From the nine highly pure 

(>95%) and highly reliable (>95%) taxa, four showed a positive and three a negative response versus 

the salinity gradient (in the range of salinity where they observed). 

 The most sensitive taxa to salinity were found to be Cambaridae (Cam), Sphaeromatidae (Sph), 

Dytiscidae (Dyt), Haliplidae (Hal), Orthocladiinae (Ort), Bithyniidae (Bit) and Planorbidae (Pla), 

showing negative responses for indicator change points (CP) of salinity <0.5 psu. 
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 The taxa of highest tolerance to salinity were Naitidae (Nai), Nereidae (Ner), Chaoboridae (Chi), 

Corbulidae (Crb) and Nematoda (Nem) showing positive responses for indicator change points (CP) 

of salinity >10 psu. 

Table 4. Indicator change point (CP) along the salinity gradient (median of bootstrap replicates), purity 

and reliability of CP, and response (positive + or negative -) of each taxon versus the increase of salinity 

gradient according to TITAN analysis. 

Taxon 
CP  

(psu) 
Purity Reliability 

Response 

group 
  Taxon 

CP  

(psu) 
Purity Reliability 

Response 

group 

Nai** 14.25 0.978 0.958 +   Ort 0.3 0.886 0.654 - 

Hir** 8.15 0.998 0.985 +  Tan** 3.05 0.994 0.985 - 

Ner** 10.2 1 1 +  Bae 4.8 0.82 0.871 - 

Cor* 8.15 0.962 0.751 +  Crx* 8.15 0.96 0.939 - 

Gam** 0.5 1 1 +  Nep 1.85 0.87 0.306 + 

Cam* 0.3 0.967 0.76 -  Cra 1.85 0.665 0.668 - 

Por* 8.15 0.962 0.719 +  Les 0.45 0.733 0.922 + 

Ase** 2.6 1 1 -  Lib 1.85 0.87 0.317 + 

Sph 0.25 0.862 0.807 -  Crb* 14.25 0.982 0.938 + 

Dyt 0.25 0.921 0.857 -  Bit* 0.3 0.967 0.734 - 

Hal* 0.3 0.967 0.734 -  Lym** 4.8 0.997 0.97 + 

Hyd 3.05 0.771 0.841 -  Phy* 4.8 0.964 0.616 + 

Cer* 0.8 0.982 0.936 +  Pla** 0.4 1 0.997 - 

Chi** 10.2 1 1 +   Nem 22.5 0.754 0.694 + 

*Statistically significant purity (>95%) or reliability (>95%) 

**Statistically significant purity (>95%) and reliability (>95%) 

 

 

 

 
 

Fig.2 CP response plots of each taxon versus the salinity gradient  

according to TITAN analysis.  
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Effect of salinity on diversity indices and biological traits  

The values of population indices such as species richness (S), the Shannon's diversity index H΄ and 

the Pielou evenness index J΄ of the three salinity classes of ponds (i.e. Freshwater, Oligo-mesohaline, 

Polihaline) are given in Table 5. 

According to Table 5, it is observed that species richness of polihaline class is much lower from 

the other two pond salinity classes. A substantial difference in species richness among the freshwater and 

the oligo-mesohaline class was not observed. Similar results were also observed in the case of Shannon 

index. On the other hand, substantial differences in the values of evenness index were observed among 

freshwater and oligo-mesohaline classes, while differences were not observed between the oligo-

mesohaline and the polyhaline. The above indicates that the evenness index was more sensitive to salinity 

than the species richness and Shannon diversity.  

Considering the analysis of differences in biological traits among the three respective salinity 

classes, all the considered traits showed significant variations (Table 6), highlighting taxa sensitiveness 

to salinity in terms of functional and biological characteristics. Significant variations in the 18 out of the 

22 analyzed trait types appeared in the transition from oligo-mesohaline to polyhaline class (Table 7).  

 

Table 5. Average values of S, H' and J' observed in each salinity class. 

Pond salinity classes 
 Species richness 

(S) 

Shannon's Diversity 

(H') 

Pielou Evenness  

(J') 

Freshwater 6.375 0.932 0.572 

Oligo-mesohaline 7.800 0.878 0.509 

Polihaline 3.333 0.509 0.508 

 

Table 6. Significant variations in functional and biological traits observed at increasing salinity 

Trait Trait type increasing in % 

Feeding Deposit Feeders 

Mobility Burrowers 

Adult Life Habitat Aeric 

Body Size Medium 

Life Span Medium 

Reproductive frequency Semelparous 

Habitat Choice Generalist 
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Table 7. Analysis of means (ANOM) for the different functional attributes in the three salinity classes. 

Statistical significances are highlighted in bold (p<0.05). The three codes a, b and c denote the respective 

location of the proportion values (above, inside and below the upper and lower 95% confidence limits) 

of the three salinity classes for each trait type. 

Trait type   χ² (df=2) P value Freshwater Oligo-mesohaline Polihaline 

FEEDING       

Predator  1035.52 <0.001 a a c 

Grazer  63.86 <0.001 a b b 

Shredder  6158.39 <0.001 a a c 

Scraper  814.6 <0.001 a a c 

Deposit feeder  6038.5 <0.001 c c a 

Filter feeder  8.3 0.0158 a b b 

MOBILITY       

sessile  8.3 0.0158 a b b 

swimmer  8245.1 <0.001 a a c 

borrower  7195.53 <0.001 c c a 

walker  3242.25 <0.001 a a c 

ADULT LIFE HABITAT       

aquatic  830.57 <0.001 a a c 

aeric  830.57 <0.001 c c a 

BODY SIZE (g AFDW)       

small (<0.01)  2.71 0.2575 b b b 

medium (0.01-0.05)  1723.75 <0.001 c c a 

large (>0,05)  134.61 <0.001 a a c 

LIFE SPAN (years)       

short (< 1)  7709.88 <0.001 a a c 

medium (1-5)  8024.5 <0.001 c c a 

large (>5)  1518.22 <0.001 a a c 

REPRODUCTIVE 

FREQUENCY       

Iteroparous  1905.59 <0.001 c c a 

Semelparous  1905.59 <0.001 a a c 

HABITAT CHOICE       

generalist  1679.05 <0.001 c c a 

specialist   1679.05 <0.001 a a c 

 

 

 

Discussion 

Small wetlands are often non-investigated biodiversity hotspots that should be instead regarded 

with great attention under a conservation perspective (Viaroli et al., 2016). Particularly, the permanent 

ponds system of Bosco della Mesola hosts a high number of taxa (39) if compared with ponds surrounded 
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by other land use types. Hill et al. (2016) investigated macroinvertebrate diversity in urban, arable and 

floodplain ponds, recording 22, 30 and 32 taxa, respectively. The positive effect of surrounding forest is 

further corroborated by the comparison of our data with those of Bazzanti (2015), who found a similarly 

high number of taxa in temporary and permanent ponds located in a Mediterranean Tyrrenian coastal 

forest ecosystem. However, biodiversity of coastal ponds is seriously threatened by the pressing 

environmental changes occurring in these areas. Our findings highlighted the key role of salinity in 

shaping macroinvertebrate community compositions in coastal permanent ponds and that these 

communities could be significantly affected by salt water intrusion, which causes a relevant 

simplification of taxonomic and functional diversity.  

This finding is consistent with other studies describing community variations in different aquatic 

environments (Castillo et al., 2018; Little et al., 2017; Piscart et al., 2005b; Zettler et al., 2014), including 

temporary wetlands (Waterkeyn et al., 2008), and with Kefford et al. (2016) who found a limited 

tolerance of aquatic insects to salinity increases in freshwater habitats. 

 

Despite the fact that CCA detected salinity as the only statistically significant parameter of Table 

2 for describing taxa variation, the Spearman correlations among the environmental variables (Table 3) 

showed that salinity is significantly positively correlated with temperature, oxygen saturation and pond 

area while it is significantly negatively correlated with canopy coverage. Thus, the observed salinity 

effect on macroinvertebrate communities partly includes some effects of these parameters. Water depth 

and pond isolation (described through ENN) were the least important parameters affecting the 

communities (according to preliminary CCA analysis) and the least associated parameters to salinity. 

The insignificant effect of water depth was probably the result of the generally shallow profile of all 

analyzed ponds. In the case of pond isolation, its insignificant effect can be attributed to the fact that the 
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recruitment of flying insects may be guaranteed by the surrounding forested landscape rather than by 

other water bodies.   

Taxonomic diversity indices were negatively influenced by salinity depicting an overall loss of 

taxa diversity due to saltwater intrusion. Although freshwater ponds show higher values of taxonomic 

diversity indices, oligo-mesohaline ones hosted higher taxa richness according to Table 5. This partially 

corroborates to the ‘intermediate disturbance hypothesis’ (Connell, 1978) of salinity gradient proposed 

by Piscart, Lecerf, et al. (2005), according to which an intermediate level of salinity promotes a higher 

level of biodiversity because of the co-occurrence of both halotolerant and freshwater species. Higher 

values of taxa richness detected in oligo-mesohaline ponds are due to the occurrence of more insect and 

crustacean taxa. However, this does not equal to higher values of taxonomic diversity indices because of 

the increase of individual densities along the salinity gradient. The increasing proportions of crustacean 

taxa and crustaceans/insects ratio along salinity levels observed by Boix et al. (2008) were confirmed by 

our findings only up to oligo-mesohaline levels, while opposite trends were observed at polihaline level.  

As it was shown from Table 6, salinization of permanent ponds above the polihaline level leads to 

a drastic loss of functional diversity. The results highlighted that functional traits’ analysis is sensitive to 

depict community responses mainly to high levels of salinity transitions. This also provides evidences 

that functional variables can be used as indicators of drastic environmental perturbations and should 

always be studied when assessing disturbance impacts on biota (Sandin and Solimini, 2009). 

The salinization of the ponds system toward polihaline conditions caused the shift of 

macroinvertebrate communities towards assemblages dominated by r-strategist taxa (sensu Pianka 1970), 

which in general are generalist taxa with smaller body size, shorter life span and higher reproductive 

frequency. Polihaline ponds are dominated by borrowing deposit feeder taxa, mainly Chironomidae, 

Tubificinae and Nereidae. All other taxa with different feeding and mobility attributes were rarely found 

in polihaline conditions. Piscart et al. (2006) found an increase in filter-feeding at intermediate salinity 
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levels and an increase in deposit-feeding thereafter, in accordance with an energy transfer from water 

column (i.e. suspended organic material) to sediment (deposited organic material) along a salinity 

gradient. However, in our case the low filter-feeding abundances observed in oligo-mesohaline ponds 

were insufficient to justify such food web modification.  

The increase of ionic concentrations requires specific adaptations of macroinvertebrate 

communities. The faster metabolic rates induced by the elevated maintenance costs for osmoregulation 

are reflected by smaller body size (Woodward et al., 2005), supporting its use as an effective indicator 

for assessing community variations in transitional environments (Basset et al., 2012). Some flying insect 

taxa, as the case of Diptera, have aeric adult life stage in order to reduce the permanence in saltwater 

environments.  

Contrarily to the results presented by Venâncio et al. (2019), who found changes in community 

structures and trophic relations even with small increments of salinity in laboratory experiment, the 

macroinvertebrate communities of the permanent ponds of Bosco della Mesola were found to be resilient 

to moderate salinization. This could be due to the functional redundancy phenomena and, in a lesser 

extent, to the tolerance of some taxa to moderate salinity levels. In fact, communities of oligo-mesohaline 

ponds maintain all the functional traits occurring in freshwater ones, except for a lower grazer abundance, 

which has found to be sensitive even at low salinity variations. Moreover, the observed results for filter 

feeders and sessile mobility attributes are due to abundance variations of a single species (Corbula sp.) 

that is the only observed organism with these functional traits, rather than to a general pattern. Since the 

relation between salinity and abundance of grazer organisms is mediated by the occurrence of 

microphytobenthos (De Jonge and Van Beuselom, 1992; Juneau et al., 2015), the relative decrease of 

such functional attribute may highlight the sensitivity of microphytobenthic assemblages to salinity 

variations (Waska and Kim, 2010). Therefore, changes in grazer relative abundances could be regarded 
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as a sentinel of salinization effects on of microphytobenthic assemblages in the permanent ponds’ 

systems.  

Since the salinity levels observed in the study area significantly increased during last two decades 

(Gerdol et al., 2018), and this trend is expected to keep on in the next years, this investigation can provide 

evidence to be exported on other deltaic contexts on how biodiversity of the pond systems is expected to 

also respond to climate change. From an environmental conservation perspective, the ongoing 

salinization of coastal water bodies observed in our and other study cases (Ketabchi et al., 2016) is a 

serious threat to aquatic biodiversity. The described effects on macroinvertebrate communities in terms 

of taxonomic and functional diversity are expected also to have consequences on higher trophic levels 

and ecosystem stability, functioning and services (Landuyt et al., 2014; Pinto et al., 2014; Schratzberger 

and Ingels, 2018). Future management measures should be designed for mitigating the impact of 

salinization phenomena, which could be also the result of climate change, through the control of human 

activities in coastal areas and through targeted environmental restoration works.  

For instance, in the case of Bosco della Mesola ponds’ systems new management measures have 

been recently undertaken to decrease salinity levels in the near coastal lagoon (Gaglio et al., 2019). Such 

interventions are expected to have beneficial outcomes also in the coastal water bodies which are in 

contact with groundwaters. However, this does not represent a definitive solution to the conservation of 

biodiversity in a long period vision. 
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Abstract

Wetlands are important centers of biodiversity. Coastal wetlands are subject to anthropogenic threats that can lead to biodiversity

loss and consequent negative effects on nature conservation. We investigated relationships between wetland vegetation and

habitat conditions in a coastal Nature Reserve in Northern Italy that has undergone seawater intrusion and eutrophication for

several decades. The wetland vegetation in the Nature Reserve consisted of nine communities of hygrophytic and helophytic

vegetation and five communities of waterplant vegetation. The hygrophytic and helophytic communities were arranged accord-

ing to a salinity gradient, from salt-free habitats to strongly saline habitats. The saline habitats had high nutrient levels, due to the

influx of nitrate-rich saltwater from an adjacent lagoon. The waterplant communities were all typical of freshwater habitats.

Water-table depth and concentration of dissolved nutrients in the water were the main factors structuring waterplant vegetation.

The main driver of future changes in the wetland vegetation of the Nature Reserve is the ongoing increase in salinity levels which

may enhance expansion of halophilic species and communities, thus outcompeting locally rare freshwater species. If nutrient,

especially nitrate, load further increases in the next future, this may exert negative effects on wetland species and communities

preferring nutrient-poor habitats.

Keywords Aquatic plants . Biodiversity . Nitrate . Nutrient load . Saline wedge . Vegetation

Introduction

Wetlands represent important centers of biodiversity, hosting

specialized plant and animal species. Wetlands generally exhibit

high level of functional diversity (Bedford et al. 2001) and thus

assume a central role for nature conservation (García-Madrid

et al. 2014; Angiolini et al. 2017). Wetlands are prone to a

number of threats which mine their survival: over-exploitation,

habitat fragmentation, water eutrophication and pollution, hu-

man alteration of natural water cycles and alien species invasion

are only some of the main threats and pressures which affect

wetlands worldwide (Bedford et al. 2001; Dudgeon et al. 2006).

Coastal wetlands are not immune from anthropogenic threats.

Natural events such as erosion, hydrological and hydrochemical

alterations, sea-level rise and subsidence may specifically affect

these wetland types (Turner 1990). In particular, the

Mediterranean basin represents one of the regions most prone

to loss of coastal wetlands in the future (Nicholls et al. 1999).

Wetland plant diversity is scale-dependent and varies across

regions, showing a decreasing trend from more humid toward

less humid climatic regions (see Hrivnák et al. 2014 and
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references therein). A number of environmental variables play an

important role in driving plant species diversity in wetlands, such

as size of the site, ground morphology, water-table depth and

water chemistry (Edvardsen and Økland 2006; Lacoul and

Freedman 2006; Hrivnák et al. 2014). Salinity is paramount for

shaping the distribution of plant species in coastal wetlands (Watt

et al. 2007). Salinity becomes a critical factor when sea-level rise

and/or subsidence increase salinity levels, thus altering the com-

position and the distribution of wetland plant communities

(Brock et al. 2005; Spalding and Hester 2007). Indeed, stress

resulting from increased salinity has been reported as a cause

of biodiversity loss in terrestrial to riparian and aquatic habitats

(see Brock et al. 2005 and references therein). Ecological mod-

ifications due to increased salinity levels can also trigger dynamic

processes which can eventually lead to dramatic changes in the

vegetation of coastal wetlands (Donnelly and Bertness 2001).

Water eutrophication is considered one of the most important

causes of degradation of many types of wetlands, from inland

to marine ecosystems. Zaldivar et al. (2008) focused on direct

and indirect effects of eutrophication of transitionalwaters, show-

ing a complex net of drivers and pressures brought about by

eutrophication which in turn reverberate in complex socio-

economic and ecological aspects. The consequences of nutrient

enrichment include development of algal blooms which can lead

to anoxic conditionswith negative impact onwaterfowl, fish, and

invertebrates (Davis and Froend 1999). Water chemistry is also

important in determining abundance, composition, and distribu-

tion of wetland communities. Consequently, several types of

plant communities have been identified as indicators of water

quality (Klosowski and Jablońska 2009; Ceschin et al. 2010;

Sakurai et al. 2017). Anthropic activities such as urbanization

and agriculture produce deep modifications in the chemical and

physical features of the water ecosystems, inducing significant

changes in the spatial pattern of wetland vegetation (Ceschin

et al. 2010).

Vegetation dynamics, i.e., changes in vegetation composi-

tion over time, represents one of the most frequent causes of

loss of habitats of conservation interest (Viciani et al. 2014). In

Europe, plant and habitat conservation benefits from a powerful

tool provided by the European Union, i.e., the Habitats

Directive (Commission of the European Community 1992).

The identification of habitat types and the selection of sites

are supported by the implementation of the Interpretation

Manual of European Union Habitats (Commission of the

European Community 2013). Another important document is

the European Red List of Habitats that provides an overview of

the degree of endangerment of terrestrial and freshwater habi-

tats in the European Union (Janssen et al. 2016). At the regional

level, Biondi and Blasi (2009) produced the Italian

Interpretation Manual of European Union Habitats and, more

recently, Angelini et al. (2016) produced a handbook for mon-

itoring habitats of community interest in Italy. This handbook is

based on European guidelines (Evans and Arvela 2011) and

provides tools for an effective monitoring activity of Annex I

Habitats occurring in Italy (Gigante et al. 2016). These docu-

ments not only show that wetlands host habitats of conservation

importance but also report that these habitats are often subject to

serious threats and pressures. Several vegetation types strictly

related to wetlands, often widespread in Central Europe but

very rare in Southern Europe, do not fall in any habitat type

of conservation interest listed in the Habitat Directive

(Angiolini et al. 2017). Analyzing relationships among species,

plant communities, and ecological drivers provides important

and useful information that can be used for the protection and

monitoring of plants and habitats of conservation inter-

est either listed in environmental protection laws or not.

The Nature Reserve BBosco della Mesola^ represents a

relict of ancient coastal forests. Most of these forested areas

disappeared in more or less recent times, while others

underwent deep changes. Consequently, very few coastal for-

ests still occur in relatively pristine conditions in this region

(Stampi 1966; Piccoli et al. 1983; Pellizzari and Piccoli 2001).

The Nature Reserve is rich in wetlands that host different plant

communities, including both freshwater and brackish vegeta-

tion types. This area has undergone subsidence and eutrophi-

cation for several decades, which can potentially trigger sig-

nificant changes in wetland vegetation. In this study, we ana-

lyzed relationships between wetland vegetation and environ-

mental conditions in the Nature Reserve. Our main objective

was to analyze environmental factors affecting wetland vege-

tation, with special focus on habitats and species of conserva-

tion interest. We also aimed at forecasting future changes in

wetland vegetation and defining appropriate guidelines direct-

ed to implementing and updating the Management Plan of the

Nature Reserve.

Materials and Methods

Study Area The study was carried out at Bosco della Mesola,

North-Eastern Italy (44°50′ N, 12°15′ E, 1088 ha, 0–2.8 m

above sea level, Fig. 1), a National Nature Reserve hosting

Special Areas of Conservation, Special Protection Areas and a

strict Nature Reserve area in the Po Delta Park. The study area

lies on a dune system originated during the eleventh to fifteenth

centuries, consisting of sand dunes and dune slacks with paral-

lel, approximately North-South orientation. This area is preva-

lently covered with woodlands that represent a relict of ancient

coastal forests (Stampi 1966; Piccoli and Gerdol 1984; Piccoli

et al. 1983). Most of these areas disappeared in more or less

recent times, while others underwent deep changes (Stampi

1966). The woodlands in the Reserve present transitional fea-

tures between Mediterranean and Central European forest types

(Gerdol et al. 1985). A xerophilic Quercus ilex community is

situated on high,more recent arid dunes. AmesophilicCarpinus

betulus–Quercus robur community is situated on flat, more
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ancient and less arid dunes. The dune slacks are colonized by a

Populus alba–Fraxinus angustifolia community typical of wet

habitats (Gerdol et al. 1985). Hydrologically, this area is char-

acterized by a coastal aquifer system in hydraulic continuity

with the sea. This determines saltwater inflow which enables

the development of halophilic vegetation in the marginal

south-eastern part of the area (Piccoli et al. 1983; Fig. 1).

Three main soil types occur in this area: typic xeropsamments,

aquic xeropsamments and psammaquents, considerably differ-

ing from each other in depth and structure. However, all of these

soils are rich in sand and have A-C profile and moderately

alkaline pH (Gerdol et al. 1985). The soil pore-water is enriched

in salt at the south-eastern border of the area (Piccoli et al. 1983).

Wetlands and their Management The study area hosts a rich

variety of freshwater and brackish wetlands. Natural freshwa-

ter wetlands in the inland part of the area are mainly situated in

temporarily flooded dune slacks not covered with forest veg-

etation. Therefore, dune slacks are prevalently fed by rainwa-

ter, and secondarily by water flowing from canals so that

water-table depth in these wetlands is conditioned by precip-

itation and by the water level in the canal system. Natural

brackish wetlands are concentrated in the south-eastern mar-

ginal part of the area and are fed with saltwater from an adja-

cent lagoon (Fig. 1). These brackish wetlands usually are

flooded throughout the year, except during prolonged dry pe-

riods in summer. Three types of artificial wetlands occur in the

study area: (1) a network of canals, (2) a number of pools used

for watering wildlife, and (3) a lentic pond permanently fed by

discharging water table. The watering pools have a more or

less regular circular shape and usually are flooded, except

during periods of prolonged drought. A dense network of

canals represents the main source of water supply to the

Nature Reserve. This is of fundamental importance for

supporting basic ecological processes that eventually guaran-

tee correct functioning of the forest ecosystem. The canals

provide freshwater from the surrounding areas, whereas a

number of locks limit the intrusion of saltwater from the sea

(the so-called saline wedge). Indeed, the Nature Reserve is

situated in a reclamation area so that meteoric water must be

drained in winter, while oxygen-rich freshwater must be sup-

plied to the forest in summer. Over time, these canals gradu-

ally turned from simple hydraulic systems to complex ecosys-

tems, representing preferential habitats for aquatic plants, fish,

and herpetological species. The management of the protected

area follows the guidelines stated in the Reserve Management

Plan, as well as a series of conservation actions defined in

specific LIFE projects (e.g., LIFE00NAT/7147). Major objec-

tives are the conservation of priority habitats and species of

the Habitats Directive. Most of the relevant conservation ac-

tions are closely related to the hydraulic management of the

water supply through the canal systems.

Sampling and Analysis Wetlands in the study area were sur-

veyed several times during the growing season (May–

September) of 2016. A total of 84 phytosociological relevés

were carried out at the peak of the growing season in all of the

wetland types occurring in the Nature Reserve (Table 1; Fig. 1).

Alluvial forests of thePopulus alba–Fraxinus angustifolia com-

munity, although inhabiting wet habitats, were not considered in

our survey. The choice of the sampling sites was sub-

jective, but the number of relevés approximately

Fig. 1 Map of the study area with

location of the sampling sites in

the five wetland types
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mirrored frequency and area covered by each wetland

type (Table 1), partially calibrated by visual inspection

of vegetation diversity in each wetland type.

Plant communities were sampled according to the phyto-

sociological method (Braun-Blanquet 1932; Biondi 2011; Pott

2011). A phreatimeter was placed and the following data were

recorded at each relevé site: GPS coordinates (UTM33,

WGS84), relevé area (m2), and vegetation cover (%). At the

end of the growing season, water-table depth was measured

and a 50-mL water sample was collected at each of the relevé

sites. All water-table measurements and water collections

were carried out on a single day (25 October 2016) in order

to make the data comparable. The day after collection, electri-

cal conductivity and salinity were measured with a Crison CM

35 conductivity-meter (Hach-Lange, L’Hospitalet de

Llobregat, Spain), and pH was measured with a Hanna

Jenway 3510 pH-meter (Hanna Instruments, Villafranca

Padovana, Italy). The water samples were immediately fil-

tered with Whatman 25-mm GD/X syringe filters (pore size

0.45 μm) and colorimetrically analyzed for ammonium

(NH4
+), nitrate (NO3

−), and phosphate (PO4
3−) concentrations

using a continuous-flow autoanalyzer (Systea Flowsys,

Anagni, Italy). Ammonium was determined by the salicylate

method in the presence of hypochlorite, nitrate by the

cadmium-reduction method through a column, and phosphate

by the molybdenum-blue method. Alkalinity (HCO3
−) was

determined by the double indicator method with phenolphtha-

lein and methyl orange.

The spatial distribution of electrical conductivity was

graphically represented by a Geographical Information

System (GIS), using the software ArcView GIS 3.2 for

Windows and IDW interpolation. The resulting map was com-

pared with a similar map obtained using data on electrical

conductivity measured in 2003 at 60 sites, most of which

coincided with the sampling sites of the present study.

Statistics The matrix of the vegetation data (i.e., the cover of

each species in the 84 relevés) was statistically treated by a

hierarchical numerical classification method after

transforming the ordinal scale used for assessing species cov-

er. Scale transformation was performed using the van der

Maarel (1979) numerical scale. A cluster analysis (i.e.,

numerical classification) was performed by the Ward method

based on the matrix of between-relevé Euclidean distances

(Orlóci 1978). Relationships between species composition

and environmental variables were statistically analyzed by a

multivariate ordination method (detrended canonical corre-

spondence analysis, DCCA). Significance level of the envi-

ronmental variables was assessed by Monte Carlo permuta-

tions based on forward selection of the variables. Occasional

species, i.e., those recorded in one or two relevés only, were

excluded from the cluster analysis and the multivariate ordi-

nations as well.

Species composition of the plant communities defined by

the numerical classification was assessed in terms of species

rarity. Species rarity was calculated based on rarity indices of

all plant species, i.e., also including the occasional species not

considered in the multivariate analyses. The rarity indices

(Table 2) were derived from estimates of species frequency

in the local plant species checklist (Piccoli et al. 2014). The

cluster analysis and the DCCA were performed with the sta-

tistical software CANOCO 5.0 (ter Braak and Šmilauer 2012).

Univariate statistics were computed with the statistical soft-

ware STATISTICA 7.0 (StatSoft©; Version 7; StatSoft Inc.,

Tulsa, OK, USA).

Results

Vegetation Classification The vegetation relevés were clus-

tered into two big groups (Fig. 2). The first group (rel. 1–56)

included relevés of hygrophytic or helophytic vegetation,

while the second group (rel. 57–84) included relevés of

waterplant communities (sensu Den Hartog and Segal 1964).

Fourteen clusters were recognized at a lower hierarchical level

in the dendrogram, i.e., at a Euclidean distance of 25–30 (Fig.

2). These clusters represented the main wetland vegetation

types in the Nature Reserve. A synthetic description of these

communities, as well as their correspondence with the Natura

2000 habitat codes and the Red List Habitat EUNIS codes, is

given in Table 3. Details on the full species composition can

be found in Supplementary Table 1.

Table 1 List of the wetland types, with cover area and number of

vegetation relevés

Wetland type Area (ha) No. of relevés

Canals 10.0 22

Watering pools 1.2 7

Dune slacks 14.9 25

Lentic ponds 7.1 16

Brackish wetlands 9.2 14

Table 2 List of the rarity indices derived from estimates of species

abundance in the local plant species checklist

Species frequency in the checklist Rarity index

Very rare 6

Rare 5

Uncommon 4

Widespread 3

Common 2

Very common 1
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In brief, nine hygrophytic and helophytic communities

were recognized based on the cluster analysis (Fig. 2;

Table 3). Two of these communities (c. of Spartina anglica

and c. of Tripolium pannonicum) were composed of few hal-

ophytes, exclusive of brackish wetlands. Three communities

(c. of Juncus acutus and J. littoralis, c. of J. subnodulosus and

Phragmites australis, and c. of J. acutus and J. maritimus) had

different rush species and/or common reed as dominant spe-

cies. These three communities were richer in species and were

composed of more or less strongly salt-tolerating hygrophytes

and helophytes. They were found in brackish wetlands, lentic

ponds, and dune slacks. The community of Cladium mariscus

was found only in dune slacks and had Cladium mariscus as

the dominant species with scattered occurrence of a few other,

moderately salt-tolerating species. Three further communities

(c. of Schoenus nigricans and Tripidium ravennae, c. of

Juncus maritimus andGalium palustre, and the wet meadows)

were composed of several species generally possessing low

levels of salt tolerance. These communities usually occurred

in lentic ponds and dune slacks, and occasionally in watering

pools with poor if any saltwater influx. The waterplant com-

munities were overall poorer in species compared with the

hygrophytic and helophytic communities. Five waterplant

communities were recognized based on the cluster analysis

(Fig. 2; Table 3). Four of them were characterized by domi-

nance of an only waterplant species each. These dominating

waterplant species were both pleustophytes (Den Hartog and

Segal 1964), i.e., waterplants floating on the water surface

(Spirodela polyrrhiza and Lemna minuta) or floating freely

between the bottom and the surface (Ceratophyllum

demersum) and rhizophytes (Den Hartog and Segal 1964),

i.e., waterplants with their basal parts penetrating into the bot-

tom (Myriophyllum spicatum). These four communities were

usually found in canals. The fifth waterplant community (c. of

Chara sp.) was prevalently comprised of rhyzophytes, with

Chara vulgaris or C. intermedia (not separated in the field

during the relevés) usually dominating. This community was

found only in watering pools.

With respect to conservation value, the community of

Chara sp. stood out among all other communities because of

the presence of three locally very rare species: Chara fragilis,

C. intermedia, and Ranunculus peltatus ssp. baudotii

(Supplementary Table 1). Hence, this community presented

the highest rarity index (Table 4). The community of Chara

sp. presented considerable importance with respect to habitat

type because this community is quite rare in the lowland

Fig. 2 Classification dendrogram of the 84 vegetation relevés. The rectangle indicates the range of Euclidean distance (ca. 25–30) in which the clusters

corresponding to the 14 plant communities were recognized (symbols as in Fig. 3)
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regions of northern Italy. Other communities were important

in terms of species rarity, although presenting lower rarity

index (Table 4; Supplementary Table 1). Firstly, the commu-

nity of Juncus acutus and J. littoralis hosted one of the very

few populations of Kosteletzkya pentacarpos in Italy. This

species is listed both in the 92/43/CEE Habitat Directive

(Annex II) and in the Bern Convention (Annex I) and is con-

sidered threatened with extinction in Italy and in Europe,

where Kosteletzkya pentacarpos is classified as Bcritically

endangered^ and Bvulnerable,^ respectively (Bilz et al.

2011; Rossi et al. 2016). Secondly, the community of Juncus

maritimus and Galium palustre hosted three locally very rare

species, i.e., Euphorbia lucida, Hydrocotyle vulgaris, and

Teucrium scordium (Table 4; Supplementary Table 1). The

community of Juncus subnodulosus and Phragmites australis

and the community of Cladium mariscus had quite high rarity

indices for being characterized by high abundance of the lo-

cally very rare species Juncus subnodulosus and Cladium

mariscus, respectively (Table 4; Supplementary Table 1).

The species-poor community of Lemna minuta had a high

rarity index owing to the high abundance of the locally un-

common, but invasive alien species Lemna minuta. Therefore,

the rarity index seemed to overemphasize the real conserva-

tion value of this community. All of the other communities did

not exhibit remarkable conservation value based on the rarity

index (Table 4).

Ecological Gradients As the hygrophytic and helophytic veg-

etation on one side and the waterplant vegetation on the other

side differed very strongly from each other in terms of species

Table 3 Synthetic description of the vegetation types with reference to Habitat Natura 2000 codes and European Red List of Habitats—EUNIS codes

Community type Species composition Wetland type Natura 2000

code

EUNIS code

C. of Spartina anglica Almost pure Spartina anglica stands Brackish wetlands 1320 A2.5d

C. of Tripolium pannonicum Very species-poor community with

Tripolium pannonicum as the dominant

species and scattered occurrence of few

other helophytes

Brackish wetlands 1410 A2.5d

C. of Juncus acutus

and J. littoralis

Dominated by halophytes or salt-tolerant

species often with high frequency of

Phragmites australis

Brackish wetlands,

dune slacks, lentic ponds

1410 A2.5d

C. of Juncus subnodulosus

and Phragmites australis

Co-dominated by Juncus subnodulosus and

Phragmites australis with scattered occurrence

of salt-tolerant species

Lentic ponds – C5.1a

C. of Juncus acutus

and J. maritimus

Co-dominated by Juncus acutus and J. maritimus

with low frequency of Phragmites australis

and some other salt-tolerant species

Dune slacks 1410 A2.5d

C. of Cladium mariscus Species-poor community strongly dominated

by Cladium mariscus

Dune slacks 7210 B1.8b (D4.1b)

C. of Schoenus nigricans

and Tripidium ravennae

Species-rich community co-dominated by

Schoenus nigricans and Tripidium ravennae

together with several moderately salt-tolerating species

Lentic ponds 6420 E3.1a

C. of Juncus maritimus

and Galium palustre

Species-rich community co-dominated by Juncus

maritimus and Galium palustre with modest, if

any, saltwater influx

Dune slacks 6420 B1.8b (E3.1a)

Wet meadows Species-rich community having Mentha aquatica,

Molinia arundinacea, and Scirpoides holoschoenus

as the most abundant species associated with several

poorly salt-tolerating species

Dune slacks, watering

pools, lentic ponds

6420 E3.1a (B1.8b)

C. of Spirodela polyrrhiza Species-poor community dominated by the small

pleustophyte Spirodela polyrrhiza

Canals 3150 C1.2b

C. ofCeratophyllum demersum Species-poor community dominated by the freely-floating

pleustophyte Ceratophyllum demersum

Canals 3150 C1.2b

C. of Lemna minuta Extremely species-poor community dominated by the

small pleustophyte Lemna minuta

Canals, watering pools 3150 C1.2b

C. of Chara sp. Species-poor, prevalently rhizophytic community

with Chara vulgaris and/or C. intermedia as the

dominant species and rather high frequency of

Potamogeton pectinatus and Ranunculus peltatus

ssp. baudotii

Watering pools 3140 C1.2a

C. of Myriophyllum spicatum Species-poor community dominated by the

rhyzophyte Myriophyllum spicatum usually

associated with Ceratophyllum demersum

Canals 3150 C1.2b
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composition, we run two separate DDCAs for each of the two

groups (Fig. 3). All environmental factors accounted signifi-

cantly for the observed variation in the species composition of

the hygrophytic and helophytic vegetation (Table 5).

Electrical conductivity accounted for the largest part of the

variance in the hygrophytic and helophytic vegetation.

Salinity was significant as well but accounted for a smaller

portion of variance because of its high collinearity with elec-

trical conductivity (Fig. 3a; Table 5). The nine hygrophytic and

helophytic communities were thus arranged according to a gra-

dient of increasing salt tolerance, parallel to the vectors of elec-

trical conductivity and salinity, from the community of Juncus

subnodulosus and Phragmites australis, the wet meadows, the

community of Schoenus nigricans and Tripidium ravennae,

and the community of Juncus maritimus and Galium palustre,

all characterized by mean salinity levels of about 1000 mg L−1

or lower indicating no saltwater influx, to the community of

Juncus acutus and J. littoralis, the community of Juncus acutus

and J. maritimus, the community of Tripolium pannonicum,

and the community of Spartina anglica, all settled in more or

less strongly saline habitats. The community of Cladium

mariscus had intermediate position across the gradient (Fig.

3a; Table 4). Similarly, the species were arranged according to

increasing salt-tolerance levels from Hedera helix,

Brachypodium sylvaticum, and Vincetoxicum hirundinaria at

the left end of the gradient to Kosteletzkya pentacatpos, Carex

extensa, Atriplex prostrata, Spartina anglica, and Tripolium

pannonicum at the right end of the gradient (Fig. 3a). The

vectors of water-table depth and pH on one side, and the vectors

of alkalinity and phosphate on the other side presented similar

trends but opposite orientation (Fig. 3a). Water-table depth was

higher in the four communities having rushes (Juncus

subnodulosus, J. acutus, and J. littoralis), tall helophytes

(Phragmites australis and Typha angustifolia), or halophytes

(Tripolium pannonicum, Spartina anglica, and Atriplex

prostrata) as dominant or abundant species. Accordingly, the

centroids of these four communities (c. of Spartina anglica, c.

of Tripolium pannonicum, c. of Juncus acutus and J. littoralis,

and c. of Juncus subnodulosus and Phragmites australis) were

located in the lower-right part of the DCCA diagram (Fig. 3a).

In all of these communities, mean water-table depth was posi-

tive indicating that the soil was submerged (Table 4). These

communities also presented somewhat higher mean pH al-

though there were very poor, if any, significant differences in

terms of mean pH that ranged from 7.11 to 7.63 across all of the

wetland communities (Table 4). Alkalinity and phosphate were

both higher in less humid habitats, with highest values in the

community of J. maritimus and Galium palustre (Fig. 3a;

Table 4). The nitrate vector was oriented almost parallel to the

first DCCA axis. This corresponded to highest nitrate concen-

trations in the community of Tripolium pannonicum and the

community of Spartina anglica, both having halophytes as

the dominant species (Fig. 3a; Table 4).

Table 4 Mean (± SE) values of the rarity index and of hydrochemical

variables in nine communities of hygrophytic and helophytic vegetation

and five communities of waterplant vegetation. For each variable in each

of the two vegetation groupings, the means followed by the same letter do

not differ significantly (P < 0.05) based on Tukey’s HSD post hoc tests

(capital letters for hygrophytic and helophytic vegetation; small letters for

waterplant vegetation)

Community Rarity

index

pH Electrical

conductivity

(μS cm−1)

Salinity

(mg L−1)

Water-table

depth (cm)

Alkalinity

(mg L−1)

NO3
−

(mg L−1)

PO4
3−

(mg L−1)

Hygrophytic and helophytic vegetation

C. of Spartina anglica 2.67 ± 0.17 B 7.57 ± 0.03 A 38,967 ± 524 A 23,833 ± 384 A 8.0 ± 0.6 AB 186 ± 11 B 0.540 ± 0.087 A 0.053 ± 0.003 B

C. of Tripolium pannonicum 2.69 ± 0.19 B 7.58 ± 0.03 A 34,375 ± 2226 A 10,342 ± 6088 B 4.5 ± 1.9 ABC 204 ± 16 B 0.349 ± 0.077 A 0.042 ± 0.004 B

C. of Juncus acutus

and J. littoralis

2.93 ± 0.11 B 7.63 ± 0.06 A 12,801 ± 2932 B 7268 ± 1739 B 4.9 ± 4.1 AB 363 ± 48 B 0.110 ± 0.049 B 0.175 ± 0.106 B

C. of Juncus subnodulosus

and Phragmites australis

3.31 ± 0.12 AB 7.45 ± 0.06 A 1196 ± 149 C 576 ± 73 C 14.0 ± 3.0 A 206 ± 13 B 0.007 ± 0.001 B 0.004 ± 0.001 B

C. of Juncus acutus and

J. maritimus

2.66 ± 0.12 B 7.36 ± 0.04 A 16,539 ± 493 B 9269 ± 297 B −0.7 ± 3.5 ABC 412 ± 31 B 0.030 ± 0.004 B 0.305 ± 0.155 B

C. of Cladium mariscus 3.04 ± 0.1 AB 7.53 ± 0.17 A 6207 ± 2987 BC 3363 ± 1671 BC −19.8 ± 4.2 BC 358 ± 202 B 0.054 ± 0.016 B 0.562 ± 0.555 AB

C. of Schoenus nigricans

and Tripidium ravennae

2.68 ± 0.2 B 7.50 ± 0.00 A 2140 ± 759 C 1087 ± 403 C −27.6 ± 12.6 C 188 ± 17 B 0.018 ± 0.009 B 0.003 ± 0.001 B

C. of Juncus maritimus

and Galium palustre

3.54 ± 0.15 A 7.11 ± 0.07 B 2918 ± 532 C 1491 ± 282 C −14.9 ± 5.7 BC 907 ± 141 A 0.102 ± 0.029 B 1.990 ± 0.701 A

Wet meadows 3.07 ± 0.25 AB 7.49 ± 0.12 A 1876 ± 775 C 969 ± 414 C −13.0 ± 8.2 BC 349 ± 62 B 0.070 ± 0.017 B 0.011 ± 0.002 B

Waterplant vegetation

C. of Spirodela polyrrhiza 2.53 ± 0.21 b 7.60 ± 0.12 a 881 ± 147 b 434 ± 74 b 15.8 ± 6.8 ab 240 ± 17 b 0.154 ± 0.085 a 0.013 ± 0.006 a

C. of Ceratophyllum demersum 2.24 ± 0.15 b 7.73 ± 0.17 a 497 ± 31 c 239 ± 15 c 33.0 ± 5.5 a 170 ± 14 c 0.168 ± 0.096 a 0.006 ± 0.002 a

C. of Lemna minuta 3.75 ± 0.25 a 7.20 ± 0.11 b 1322 ± 211 a 661 ± 112 a 12.8 ± 3.3 b 357 ± 34 a 0.550 ± 0.005 a 0.012 ± 0.002 a

C. of Chara sp. 4.38 ± 0.13 a 7.48 ± 0.02 a 428 ± 20 c 356 ± 10 bc 10.8 ± 1.2 b 306 ± 27 ab 0.012 ± 0.001 a 0.006 ± 0.001 a

C. ofMyriophyllum spicatum 2.24 ± 0.11 b 7.52 ± 0.04 a 474 ± 7 c 227 ± 3 c 33.3 ± 3.5 a 190 ± 7 bc 0.046 ± 0.007 a 0.004 ± 0.001 a
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C. of Spartina anglica

C. of Tripolium pannonicum

C. of J. acutus – J. littoralis

C. of J. subnodulosus – P. australis

C. of J. acutus – J. maritimus

C. of Cladium mariscus

C. of S. nigricans – T. ravennae

C. of J. maritimus – G. palustre

Wet meadows
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Fig. 3 Species scores and environmental variables scores on the first two

DCCA axes for the hygrophytic and helophytic vegetation (a) and for the

waterplant vegetation (b) Agr sto Agrostis stolonifera, Atr pro Atriplex

prostrata, Bra syl Brachypodium sylvaticum, Cal epi Calamagrostis

epigejos, Cal sep Calystegia sepium, Car dis Carex distans, Car ext

Carex extensa, Car fla Carex flacca, Cer dem Ceratophyllum

demersum, Chara Chara sp. (including C. vulgaris and C. intermedia),

Cla mar Cladium mariscus, Ely ath Elymus athericus, Ely rep Elymus

repens, Eup can Eupatorium cannabinum, Eup cyp Euphorbia

cyparissias, Eup luc Euphorbia lucida, Gal pal Galium palustre, Hyd

vul Hydrocotyle vulgaris, Jun acu Juncus acutus, Jun art Juncus

articulatus, Jun lit Juncus littoralis, Jun mar Juncus maritimus, Jun sub

Juncus subnodulosus, Kos pen Kosteletzkya pentacarpos, Lem min

Lemna minor, Le minu Lemna minuta, Men aqu Mentha aquatica, Mol

aru Molinia arundinacea, Myr spi Myriophyllum spicatum, Oen lac

Oenanthe lachenalii, Phr aus Phragmites australis, Pot pec

Potamogeton pectinatus, Ran bau Ranunculus peltatus ssp. baudotii,

Rub ulm Rubus ulmifolius, Sal nat Salvinia natans, Sam val Samolus

valerandi, Sch tab Schoenoplectus tabernaemontani, Sch nig Schoenus

nigricans, Sci hol Scirpoides holoschoenus, Son mar Sonchus maritimus,

Spa ang Spartina anglica, Spi pol Spirodela polyrrhiza, The pal

Thelypteris palustris, Tri rav Tripidium ravennae, Tri pan Tripolium

pannonicum, Typ ang Typha angustifolia, Vin hir Vincetoxicum

hirundinaria. The symbols indicate the centroids (mean ± SE) of the

relevé scores for the 14 plant communities
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Only three out of the seven environmental variables

(electrical conductivity, water-table depth and alkalinity)

did significantly account for the observed variation in

waterplant vegetation (Table 5). The five waterplant

communities were arranged from left to right according

to increasing values of electrical conductivity from the

communities of Ceratophyllum demersum, Chara sp., and

Myrophyllum spicatum to the community of Spirodela

polyrrhiza and, especially, the community of Lemna minuta

(Fig. 3b; Table 4). The ordination of the five waterplant com-

munities along the vector of water-table depth reflected a gra-

dient of increasing water-table depth from the communities of

Chara sp. and Lemna minuta to the communities of

Ceratophyllum demersum and Myriophyllum spicatum.

Similar to the hygrophytic and helophytic vegetation, the vec-

tor of alkalinity was oriented in opposite direction to that of

water-table depth. Accordingly, mean alkalinity levels were

somewhat higher in the communities of Chara sp. and

Lemna minuta than in the communities of Ceratophyllum

demersum and Myriophyllum spicatum. The community of

Spirodela polyrrhiza had intermediate levels of both water-

table depth and alkalinity (Fig. 3b; Table 4). Contrary to

helophytic and hygrophytic vegetation, waterplant vegetation

was not affected by pH, nitrate or phosphate concentrations,

and salinity (Table 5). Mean salinity levels always were <

1000 mg L−1, indicating no saltwater influx in any of the

waterplant communities.

Discussion

Conservation Values and Ecological GradientsThe rich variety

of plant communities recorded in the Nature Reserve

reflected strong environmental differences among wet-

lands that ranged from natural to artificial, lentic to

lotic, permanent to temporary, and freshwater to saline

wetland types. The species composition of the plant

communities reflected such environmental heterogeneity.

Indeed, species diversity is strongly affected by niche

differentiation, in turn depending on relationships be-

tween environmental heterogeneity and species diversity

at different scale levels (Lundholm 2009; Lastrucci

et al. 2015). The wetland vegetation in the study area

was rather heterogeneous in terms of structural diversity

as well, because it consisted of plant communities dom-

inated by hygrophyes, helophytes, pleustophytes, or

rhizophytes. Most of the plant communities in the

Nature Reserve had good correspondence with Natura

2000 habitat types. Several of these habitats presented

high conservation value based on the species rarity in-

dex, although none of them falls within the Community

priority habitats. Interestingly, the community of Juncus

subnodulosus and Phragmites australis presented one of

the highest rarity values even if it does not fall under

any of the Natura 2000 habitat types. This supports the

results of recent studies showing that, especially in

Mediterranean wetlands, plant communities not corre-

sponding to Natura 2000 habitat types may be extreme-

ly important from the conservation viewpoint because

they host locally rare and threatened species (Angiolini

et al. 2017; Viciani et al. 2017).

The multivariate ordination pointed to electrical con-

ductivity, closely related to salinity, as the main ecolog-

ical factor structuring the hygrophytic and helophytic

vegetation in the Nature Reserve. The three communi-

ties at the high end of the salinity gradient, i.e., the

community of Juncus acutus and J. littoralis and espe-

cially the communities of Tripolium pannonicum and

Spartina anglica, only occurred in brackish wetlands

close to the adjacent lagoon where salinity levels were

highest. The community of Juncus subnodulosus and

Phragmites australis, the community of Schoenus

nigricans and Tripidium ravennae , and the wet

meadows were all situated at greater distance from the

lagoon in habitats with poor if any saltwater influx.

However, some of the species most frequently occurring

in these communities, especially Phragmites australis

and to a lesser extent Schoenus nigricans, were also

found in moderately saline habitats owing to their rather

broad ecological amplitude with respect to salinity level

(Lissner and Schierup 1997; Bernhardt and Kropf 2006).

The community of Cladium mariscus was located in the

Table 5 Summary of Monte Carlo statistics for the hygrophytic and

helophytic vegetation (upper part) and for the waterplant vegetation

(lower part). Significant (P < 0.05) P adjusted values in bold character

Contribution

(%)

Pseudo-

F

P P adjusted

Hygrophytic and helophytic vegetation

Electrical

conductivity

32.1 6.8 0.002 0.014

Water-table depth 18.8 4.2 0.002 0.014

Alkalinity 13.2 3.1 0.002 0.014

Nitrate 12.7 3.1 0.002 0.014

Phosphate 8.7 2.2 0.004 0.02

pH 7.6 1.9 0.004 0.02

Salinity 6.9 1.8 0.046 0.046

Waterplant vegetation

Electrical

conductivity

36.5 6.6 0.002 0.014

Water-table depth 16.4 3.4 0.004 0.02

Alkalinity 14.6 3.4 0.004 0.02

Salinity 12.2 2.3 0.056 0.224

pH 8.1 1.9 0.076 0.228

Nitrate 6.0 1.5 0.22 0.416

Phosphate 6.1 1.5 0.208 0.416
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mid part of the salinity gradient. Cladium mariscus also

possesses high tolerance to salinity. Indeed, Cladium

mariscus-dominated communities are quite frequent both

in inland areas free from saltwater influx and in coastal

habitats with quite high salt content (Géhu and Biondi

1988; Landucci et al. 2013). Nutrient levels also played

a significant role in structuring the hygrophytic and

helophytic vegetation. However, nitrate and phosphate

appeared to affect differently the hygrophytic and

helophytic communities in the Nature Reserve. The high

nitrate levels detected in the saline habitats colonized by

the communities of Spartina anglica and Tripolium

pannonicum were determined by riverine N influx into

the lagoon (Tappin 2002). The saltwater progressing

landwards as an effect of saline wedge intrusion became

progressively impoverished in dissolved N probably be-

cause the plant species in the communities of Spartina

anglica and Tripolium pannonicum were effective in

absorbing nitrate that was thus removed from the soil

water (Sousa et al. 2008). Hence, the habitats with low

to moderate salinity had lower nitrate concentrations and

were characterized by species usually regarded as sensi-

tive to high N load such as Juncus subnodulosus

(Ceschin et al. 2010), Cladium mariscus (Landucci

et al. 2013), and Schoenus nigricans (Bakker et al.

2005). Contrary to nitrate, phosphate was not associated

with salinity but rather with alkalinity which resulted in

highest phosphate concentration and highest alkalinity

level in the salt-poor community of Juncus maritimus

and Galium palustre. A possible explanation consists in

a higher fraction of phosphate being incorporated on calci-

um phosphate in the soil of this community (Turner 2008).

The waterplant vegetation in the Nature Reserve was

strongly conditioned by water-table depth. Water-table

depth generally is a major driver in affecting species

composition of waterplant communities (Edvardsen and

Økland 2006; Klosowski and Jablońska 2009; Hrivnák

et al. 2014; Sakurai et al. 2017). The community of

Chara sp. was located at the low end of the water-

table depth gradient. In these habitats, the water table

fluctuated strongly depending on precipitation, but the

mean water-table depth was lower than in all other

waterplant communities. The temporary character of this

kind of wetlands represents a favorable condition for

species such as Ranunculus peltatus subsp. baudotii or

Chara sp. (see also Melendo et al. 2003; Florencio

et al., 2014). Water bodies with relatively shallow water

were colonized by small pleustophytes in the communi-

ties of Spirodela polyrrhiza and Lemna minuta. In con-

trast, bigger pleustophytes or rhyzophytes in the com-

munities of Ceratophyllum demersum and Myriophyllum

spicatum were found in deeper water in line with results

of previous studies (Buchwald 1994; Lastrucci et al.

2014; Sakurai et al. 2017). An additional factor respon-

sible for variation in the waterplant vegetation of the

Nature Reserve was electrical conductivity. Unlike what

we observed for the hygrophytic and helophytic

vegetation, relationships between electrical conductivity

and nitrate or phosphate concentrations were not

straightforward for the waterplant vegetation. Neither

was electrical conductivity related to salinity as all of

the waterplant communities were situated in freshwater

habitats. This suggests that electrical conductivity in the

waterplant habitats mirrored the total load of nutrients

with no close association with specific components such

as nitrate or phosphate. The community of Chara sp.

presented rather low values of electrical conductivity

which indicates quite low levels of dissolved nutrients

in the water. However, the species occurring in the

community of Chara sp. have been found to tolerate

quite high levels of dissolved nutrients in the water.

For example, Ceschin et al . (2010) considered

Potamogeton pectinatus as an indicator of moderate eu-

trophication. Chara vulgaris has rather wide ecological

amplitude with respect to nutrient levels, ranging from

mesotrophic to eutrophic waters (Lambert-Servien et al.

2006). Ranunculus peltatus ssp. baudotii has also been

frequently observed in mesotrophic to eutrophic waters

(Brullo et al. 2001; Melendo et al. 2003). The low nu-

trient levels recorded in the community of Chara sp.

probably depended on the peculiar hydrological features

of the watering pools where water supply prevalently

comes from precipi ta t ion rather than from the

watertable. The communities dominated by bigger

plants, either pleustophytes (Ceratophyllum demersum)

or rhyzophytes (Myriophyllum spicatum), had lower

mean values of electrical conductivity compared with

the communities dominated by small pleustophytes

(Lemna minuta and Spirodela polyrrhiza). This may

suggest that these two types of waterplant communities

were associated with waterbodies having differing levels

of dissolved nutrients. As all of these communities were

found in canals receiving nutrient-rich water from the

surrounding arable land, a more likely explanation con-

sists in greater amounts of dissolved nutrients being

removed by plant uptake in the communities where

plant biomass was higher.

Environmental Changes and Vegetation Dynamics The pres-

ent state of the wetlands in the Natural Reserve is the

result of the history and the hydraulic management of

the Reserve and of the surrounding areas. Reclamation

of freshwater wetlands that once surrounded the Nature

Reserve has altered the balance of the aquifer, enhanc-

ing the intrusion of the saline wedge. Furthermore, in-

creasing subsidence rates hamper the hydrological
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turnover in the Natural Reserve (Caschetto et al. 2016),

which is largely situated below the sea level. As a com-

bined effect of these causes, electrical conductivity in

the water is strongly increasing (2034 ± 343 μS cm−1

in 2003 vs. 7410 ± 1210 μS cm−1 in 2016; Fig. 4). Progressing

saltwater intrusion may imply expansion of halophilic species

and communities in the hygrophytic and helophytic vegetation.

Hence, rare speciesoccurring inpoorly tomoderately salinehab-

itats, such asEuphorbia lucida,Hydrocotyle vulgaris, Teucrium

scordium and, to a lesser extent, Juncus subnodulosus and

Cladium mariscus may be out-competed by species preferring

more strongly saline conditions. Saltwater may also impact

waterplant species and communities if the intrusion of the saline

wedge turns freshwater into brackish water. Thismay have neg-

ative effects on the locally rare species Chara vulgaris,

C. intermedia, and Ranunculus peltatus ssp. baudotii.

Two sources of eutrophication may impact the wet-

lands in the Nature Reserve. The main source of eutro-

phication consists in influx of nutrient-rich saltwater by

the intrusion of saline wedge from the adjacent lagoon.

Our results show that the vegetation of brackish wetlands

presently acts as an effective filter in removing nutrients,

thus reducing the influx of nutrients to oligotrophic hab-

itats. However, if the nutrient load in the lagoon in-

creases, this may imply degradation of salt-tolerant veg-

etation (Deegan et al. 2012) which may hamper the fil-

tering capacity of vegetation. An additional source of

wetland eutrophication in the Nature Reserve is the net-

work of canals conveying water from the surrounding

arable land to the Nature Reserve. Agriculture is the

main source of nutrient, especially nitrate, load with ag-

ricultural activities accounting for about 60% of nitrogen

(N) compounds influx in the waters of arable lands in

Northern Italy (Castaldelli et al. 2013). Eutrophication

may increase in the near future because of a derogation

from European rules (Council Directive 91/676/EEC of

12 December 1991 concerning the protection of waters

against pollution caused by nitrates from agricultural

sources) allowing farmers to raise the amount of manure

applied to arable farms up to 250 kg N ha−1 year−1. If

nitrate load increases in the next future, this may have

negative effects on freshwater species preferring nitrate-

poor habitats such as Cladium mariscus or Juncus

subnodulosus. Both of these species are rather sensitive

to eutrophication and may thus be out-competed by more

tolerant species, especially Phragmites australis (see

Viciani et al. 2017). On the other hand, the endangered

species Kosteletzkya pentacarpos may benefit from fu-

ture increases in nitrate levels (Abeli et al. 2017).

In conclusion, the wetlands of the Reserve are subject to a

series of threats deriving from a complex interplay of environ-

mental changes and anthropogenic alterations. Improved hy-

draulic management including more accurate maintenance

and higher flow rate in the canals, with consequently increased

drainage capacity, could counter the saline wedge intrusion

(Antonellini et al. 2015). Furthermore, hydraulic management

should be oriented to create a system of freshwater habitats

around the area in order to reduce the influx of nitrate-rich

water from canals draining agricultural land.
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Fig. 4 Maps of the spatial distribution of electrical conductivity in 2003 (a) and in 2016 (b) and location of the relevés for the 14 plant communities (c)

with abbreviated legend for the communities (full legend in Fig. 3)
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Part 2 
 
 
 
 
 
 
 
 
 
Human impacts on deltas and coastal wetlands degrading Ecosystem Services (ES). Threats deriving 

from a complex interplay of environmental changes and anthropogenic alterations causing dramatic 

losses of ecological functions.  

Coastal brackish lagoon named Sacca di Goro is one of the few remaining in the upper Adriatic that 

were widespread before land reclamations.  

Clam production produces fast spatio-temporal changes of aquatic vegetated habitats. The analyses 

showed that 87% of emerging vegetation was lost during the period 1954-2008, while aquaculture 

production increased rapidly.  

The results demonstrated that sectorial management was ineffective to maintain ESs by promoting 

the exploitation of few provisioning services while decreasing many others.  

Restoring aquatic vegetation to offset anthropic impacts have great potential for the future sustainable 

governance of deltas. 
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As a particular study case, the fire‐induced changes in groundwater recharge rate was examined in 

the Ravenna coastal area.  

Pine forest grow on coastal dune belts, overlying a sandy unconfined aquifer, which is strongly 

affected by marine ingression.  

The estimated recharge rates increased in the partially and completely burnt areas compared with the 

pristine pine forest area. A post‐fire decrease in salinity was observed across the burnt forest.  

The fire highlighted a new ES and provided an opportunity to evaluate a new forest management 

approach. 
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Human impacts on deltas often involve reclamation of coastal wetlands, causing a
dramatic loss of ecological functions. We propose an Ecosystem Services (ES)
approach to promote coordinated governance of aquaculture and environmental
conservation in a brackish lagoon of the Po River delta (Italy). Spatiotemporal
changes of aquatic vegetated habitats and clam production were evaluated, and
experimentally related to ESs: climate regulation, habitat provision for birdlife, and
potential for birdwatching. Almost all emergent vegetation was lost during past
decades, while aquaculture production increased rapidly. Vegetated habitats
sequestered significant amounts of carbon and supported more diverse bird
communities than non-vegetated wetlands, including protected species of interest
for birdwatching. We demonstrated that sectoral management was ineffective in
maintaining ESs, promoting the exploitation of few provisioning services while
decreasing many others. We propose an innovative, integrated management that
focuses on restoring aquatic vegetation to offset anthropic impacts for the future
sustainable governance of deltas.

Keywords: Ecosystem Services; Po River delta; Clam aquaculture; Life AGREE;
Phragmites australis; habitat restoration

1. Introduction

River deltas host a high degree of habitat diversity and provide several ecological

functions to support human well-being (Ojeda, Mayer, and Solomon 2008; Schl€uter,

Leslie, and Levin 2009). At the same time, their high heterogeneity and productivity

have attracted different human activities with relevant environmental impacts (Syvitski

et al. 2009; Mikhailov and Mikhailova 2003). The conflicts arising from different

potential uses, conservation, and legislative issues call for new solutions and views in

the governance of deltaic areas. Strategic delta planning has been proposed as a prom-

ising planning approach based on a public sector-led process with a sustainable long-

term vision to be implemented through actions and means that cover multiple domains

(Seijger et al. 2017). However, its translation from theory to practice requires innova-

tive solutions compelling public sector and stakeholders to a change of paradigm, from

a sectoral to a coordinated long-term vision.

The concept of Ecosystem Services (ESs), defined as the benefit people obtain

from ecosystems (Millennium Ecosystem Assessment 2005), has gained great
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popularity among researchers and decision-makers during the last two decades as a

link between human well-being and nature conservation (Costanza et al. 1997; Daily

1997; Millennium Ecosystem Assessment 2005; de Groot et al. 2012; Maes et al.

2012). Recently, different studies demonstrated that this concept has a great potential

to make informative decisions and address planning processes toward more sustainable

choices in various domains, including renewable energies (Gissi et al. 2018; Gissi and

Garramone 2018), river basin (Terrado et al. 2014), forest (Mori, Lertzman, and

Gustafsson 2017), urban (Maragno et al. 2018), and maritime planning (Drakou

et al. 2017).

Braat and de Groot (2012) shaped the ES approach in three main steps: (i) identifi-

cation and assessment of ESs through quantification and mapping, (ii) value estima-

tions in physical and monetary terms, and (iii) capturing and managing values. Haines-

Young and Potschin (2010) conceptualized the so-called “cascade model” based on

consequential steps to describe human–nature relationships. The model states that ESs

cannot exist in isolation from human needs. The framework states that biophysical

structures and processes deliver ecological functions that, in turn, can be considered as

ecosystem services only when representing a benefit for human well-being. Hence, the

ES theory assumes that people depend on ecosystems and their related functions. This

implies that the maintenance of natural capital as the provider of ESs and its rational

use through time are the basis for sustainable development.

The ES approach has also been proposed as an instrument for management decisions

in protected areas (Gaglio, Aschonitis, Mancuso et al. 2017; Garc�ıa et al. 2017;

Sallustio et al. 2017) and coastal planning (Drakou et al. 2017), since it contemplates

multiple benefits deriving from ecosystems that are typically evaluated separately

(Arkema et al. 2015) without explicitly considering neither natural capital nor ES values

(Rall, Kabisch, and Hansen 2015; McKinley, Ballinger, and Beaumont 2018). However,

the sectoral regulation framework has contributed to unmanaged conflicts between the

different uses of natural resources, which has often resulted in the missing of sustainable

development goals (Howes et al. 2017). Furthermore, adoption of nature-based solutions

was recently proposed as an effective strategy to enhance the sustainability of socio-

environmental systems by promoting multiple ESs (Keesstra et al. 2018; Saleh and

Weinstein 2016). Specifically, restoration of degraded or previously converted ecosys-

tems could recover several of the lost ecological functions (Cohen-Shacham et al. 2016).

River deltas are hot spots for biodiversity and deliver a wide range of ESs with

relevant socio-economic value (Danovaro and Pusceddu 2007). In particular, the

aquatic vegetation of coastal wetlands are an important asset of deltas’ natural capital,

since they (i) provide habitat for numerous species (Dealteris et al. 2004), (ii) play a

fundamental role in nutrient and carbon cycling (Duke, Francoeur, and Judd 2015;

Welsh et al. 2000), and (iii) increase aesthetic and recreational landscape values

(Kiviat 2013).

As vegetated coastal ecosystems sequester and store significant amounts of carbon

from the atmosphere (Duarte et al. 2013), restoring degraded coastal wetlands is a

cost-effective approach to mitigate climate change, thus supplying a climate regulation

service (Greiner et al. 2013). On the other hand, conversion or degradation of these

ecosystems causes the release of the stored “blue carbon” to the atmosphere, thus

exacerbating the ongoing climatic changes (Pendleton et al. 2012).

Coastal wetlands are also important hotspots for species conservation. In particular,

various aquatic bird species are protected under the EU Birds Directive 2009/147/CE
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through designation of Special Protection Areas (SPA) that require the Member States

to prohibit deterioration or destruction of breeding sites or resting places.

Various recreational activities in coastal areas can support the sustainable develop-

ment of related zones and cater to increasing ecotourism demand in protected areas

(Balmford et al. 2015). Among these, birdwatching is a growing sector of nature-based

tourism (Puhakka, Salo, and S€a€aksj€arvi 2011). The suitability of areas for birdwatching

depends on the good ecological status of wetlands, the presence of rare taxa and bird

abundance (Booth et al. 2011), which in turn, are strictly dependent on the presence of

aquatic vegetation.

The aim of the current analytical study is to evaluate whether an ES approach rely-

ing on nature-based solutions (i.e. aquatic vegetation restoration) could assist the gov-

ernance of deltaic areas towards more sustainable strategies to overcome the

limitations of a sectoral and fragmented regulatory framework. We assessed the ESs in

the Sacca di Goro lagoon, a coastal lagoon of the river Po delta (Italy) selected as a

case study for the analysis and corresponds to the first step of the ES approach (Braat

and de Groot 2012). Thereby, we assessed (i) a set of ESs provided by aquatic emer-

gent vegetation (i.e. Phragmites australis-dominated ecosystems), including carbon

storage, habitat provision for birdlife and potential for ecotourism (i.e. birdwatching),

(ii) the spatiotemporal changes of aquatic vegetated habitats in the lagoon, and (iii)

temporal evolution of aquaculture activities (a provisioning service), as the main driver

of change in the lagoon. Additionally, we explored opportunities to operationalize sub-

sequent steps of the ES approach by restoring aquatic vegetated habitats.

2. Methodology

2.1. Study area

2.1.1. The Po river Delta

The Po river delta is the largest deltaic area in Italy and one of the largest in Europe. Over

the centuries, humans have significantly altered the sensitive natural and hydrological bal-

ances of the delta system through urbanizing watercourses and converting wetlands to

croplands with the aim of gaining arable land for human development and improving

hygienic conditions (Bondesan 1990; Cencini 1998; Gaglio, Aschonitis, Gissi, et al. 2017).

The environmental protection and management of the Po delta depends on two

independent parks located in two different administrative Regions: the Regional Park

of the Po delta – Emilia Romagna, established in 1988, corresponding to the “ancient”

delta and the Regional Park of the Po delta – Veneto, established in 1997, which cor-

responds to the so-called “active” delta (i.e. part of the delta subjected to coastline

evolution because of sediment delivery).

This administrative framework resulted in a lack of coordinated management of the

area. To overcome such difficulties, in 2015, the two parks and the administrative

bodies involved obtained the recognition of UNESCO Man and the Biosphere (MAB)

of the whole delta.

2.1.2. The VMG district and the Sacca di Goro lagoon

The environmental management of the Regional Park of the Po delta-Emilia Romagna

is organized into six districts (named stations, stazioni in Italian) (Figure 1). The
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Volano-Mesola-Goro (VMG) is the northernmost station and is the only one belonging

to the active Po Delta, while the other five belong to the ancient delta. The VMG sta-

tion, together with ecosystems typical of the ancient delta, is semi-closed lagoons man-

aged for extensive aquaculture, coastal forests and reclaimed land. Sacca di Goro, a

nascent lagoon in terms of formation, belongs to the present Po Delta and sediment

delivery at this site is a very active process, occurring from the southernmost branch

of the Po (i.e. Po di Goro). For this reason, the VMG district has been selected as a

case study representing the Po delta in its entirety.

VMG covers 13,730 ha and includes different areas with high conservation values

(Figure 1(a)). Among these, the Sacca di Goro lagoon is a coastal brackish lagoon of

about 2,000 ha with an average depth of 1.5m and a watershed of 860 km2 whose

hydrographic network is mainly artificially regulated.

It is one of the few remaining coastal lagoons in the upper Adriatic that were wide-

spread before land reclamations. The lagoon receives saltwater from the sea and fresh-

water from the Po di Goro arm in the east and from Po di Volano River and Canal

Bianco channel in the west (Figure 1(b)). The high heterogeneity of its environment

results in three main zones: (i) the eastern part (named “Valle di Gorino”), with higher

conservation value, (ii) the Goro outlet, a sandbank that divides the lagoon from the

open sea, and (iii) the open part of the lagoon. Since the lagoon is prone to summer

anoxic crises due to excessive algal blooms (Ulva spp.) that harm habitats and human

activities (Viaroli et al. 1995), several hydraulic interventions were performed during

recent decades.

Figure 1. (a) The boundaries of VMG district (red line); (b) Sacca di Goro lagoon (green line);
(c) Regional Park of Po Delta – Emilia Romagna (red areas) and VMG district (dashed line),
and (d) localization of the Park in Italy.
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The Sacca di Goro lagoon has been traditionally exploited for its high aquaculture

productivity. Since 1987, farming of indigenous clam (Tapes decussatus) was aban-

doned in favor of the non-native Manila clam (Ruditapes philippinarum), since the lat-

ter exhibited higher growth rates and better environmental adaptability. Manila clam

introduction led to the intensification of aquaculture practices in the Sacca di

Goro lagoon.

Clam farming is managed based on geographically defined licensed areas. Since

1992, the former Fishers Consortium of Goro was split into several minor cooperatives

resulting in an increase in total exploited area. Currently, the aquaculture in Sacca di

Goro supports the local economy with high revenues and provides about 1,500 direct

jobs and significant indirect employment (Bartoli et al. 2016).

2.1.3 Landscape and environmental planning evolution in VMG district

The evolution of different landscape and environmental planning instruments affecting

the study area occurred together with the general increase in environmental awareness

(Figure 2).

At European level, the Birds Directive (European Parliament 2009) and Habitat

Directive (European Commission 1992) are milestones in EU environmental

legislation.

At national scale, Law n.1497 of 29 June 1939, encompassing “natural beauty

protection” is intended to safeguard aesthetic and cultural values derived from land-

scape and nature. It was the first attempt to deal with environmental conservation from

an aesthetic perspective (Settis 2010). The rising awareness concerning environmental

issues led to the institution of the Nation Law n.431 of 8 August 1985 (known as

“Galasso Law”), the first organic law to protect landscape and environmental assets in

Italy. Galasso law further regulates the free civic usage rights that allow members of

the local community to benefit from an area under landscape classification.

Subsequently, the law on cultural and landscape heritage 42/2004 (known as “Codice

Figure 2. Evolution of landscape and environmental planning in the VMG district and Sacca di
Goro lagoon. The main interventions performed in the Sacca di Goro lagoon are also provided.

Journal of Environmental Planning and Management 1505



Urbani”) was passed to regulate the management and exploitation of landscapes and

environmental assets.

At regional and provincial level, the Territorial Plan for Regional Coordination

(TPRC) was issued in 1990 and was committed to spatial planning at regional level

and the Provincial Territorial Coordination Plan of Province of Ferrara (PTCP), issued

in 1997, attempted to coordinate the different planning levels. PTCP constitutes guide-

lines and regulations aiming to encourage environmental conservation, and protection

at Provincial level. Additionally, the Regional Landscape Plan of Emilia Romagna

(RLP), approved in 1993 under the National Law 431/1985, organizes and coordinates

the analysis, objectives, and actions related to environmental and landscape protection

and conservation.

Finally, at local level, designation of the Nature Reserve of “Bosco della Mesola”

was the first measure aimed towards environmental conservation purview in VMG dis-

trict (1977). The Regional Park of river Po delta-ER was established in 1988, identify-

ing six districts, regulated by dedicated Management Plans. The VMG district is

regulated by the dedicated plan adopted in 1997.

The eastern part of the Goro lagoon was designated as a Ramsar zone in 1981.

Subsequently in 1982, a zone including the outlet of the Goro was declared a National

Nature Reserve. These regions were declared a Special Protection Area (SPA) and Site

of Community Importance (SCI), according to Bird and Habitat EU Directives respect-

ively in 1988.

2.2 Materials and methods

First, as a representative case study of the whole river Po delta, spatiotemporal

changes of VMG wetlands were evaluated to detect the extension of wetland reclam-

ation phenomena. The land cover maps were derived from a previous analysis of the

changes occurring in the VMG area (Gaglio, Aschonitis, Gissi et al. 2017).

Second, in order to demonstrate the value of aquatic vegetation habitats as a

nature-based solution to offset the wetland reclamations that occurred in the river Po

delta area, we investigated the ESs focusing on common reed vegetation, Phragmites

australis, the most abundant emergent macrophyte in the river Po delta. We selected

three ESs that included regulating, supporting and cultural classes (Table 1), as a com-

prehensive set representative of the different ES categories (Millennium Ecosystem

Table 1. The four ESs mapped in the Sacca di Goro lagoon and respective indicators
and categories.

Category Ecosystem service Indicator Notes

Provisioning Aquaculture Quantitative: annual claim
production (t yr�1)
Spatial: distribution
of licensed areas

The temporal evolution
of clam production
was also provided as
main driver of
environmental change

Regulating Carbon storage Carbon accumulation
within the lagoon

As a function of reed
NPP and decomposition
(Equation (1))

Supporting Habitat provision Bird abundance and diversity
Cultural Ecotourism Number of protected bird species (potential for ES provision)
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Assessment 2005). These services were subjected to trade-offs with a provisioning ser-

vice, namely clam production, that caused the loss of such habitats.

The changes in space and time of aquatic vegetation habitats in the Sacca di Goro

lagoon were mapped to detect the magnitude of vegetation loss phenomena. Clam pro-

duction was also assessed as a provisioning service as the main driver of environmen-

tal change.

2.2.1. Ecosystem services provided by aquatic vegetation

Aquatic vegetation supports a wide range of ecological functions (Kiviat 2013). Its dis-

appearance results in transition from aquatic vegetation to bare sediment dominated

habitats, leading to the loss of ecological functions. In order to measure the capacity

of P. australis to provide ESs in the Sacca di Goro lagoon, two ecological functions,

namely (i) habitat provision for birdlife and (ii) the capacity to store carbon in the eco-

system, were quantified through in situ measures and observations. These functions

deliver three different ESs: habitat provision, potential for ecotourism and climate

regulation (Table 1).

The capacity of aquatic vegetation ecosystems to provide habitat for birdlife was

assessed through comparative monthly field surveys in two contrasting sites: a site

vegetated with a monospecific common reed stand and a non-vegetated site. Visual

identification of bird species was performed using a Leica Vector 10�50 binoculars

during the nesting period (from March to June), which corresponded to the greatest

abundance of bird specimens. The similarities between avian communities associated

with the two sites were expressed by the Jaccard coefficient (Jaccard 1901). The num-

ber of taxa included in the EU Birds Directive (European Parliament 2009) was used

as a proxy for birdwatching support capacity.

The carbon storage capacity was calculated as a function of net primary above-

ground production and annual mass loss (%) (Duke, Francoeur, and Judd 2015), con-

sidering a stems-leaves mass ratio of 3:1 (Bellavance and Brisson 2010) and a 0.47

carbon content in biomass (IPCC 2006):

Cstorage ¼ 0:47� NPP� DStem% � NPP� 0:75ð Þ � DLeaf % � NPP� 0:25ð Þ
� �

(1)

where NPP is the aboveground Net Primary Production of P. australis and DStem%

and DLeaf% are the estimated percentage annual mass loss in terms of stems and

leaves, respectively. To estimate decomposition rates of Phragmites, mass loss from

senesced aboveground biomass was measured by means of an in situ litterbag experi-

ment (Petersen and Cummins 1974). Standing dead stems and leaves of P. australis

were collected in November from Goro lagoon, corresponding to the end of the plant

life cycle, in order to simulate the real decomposition process. The material was dried

in an oven at 50 �C for three days and afterwards in a muffle furnace at 375 �C for

three hours to obtain the Ash Free Dry Weight (AFDW). AFDW is then packed in

twelve 5 g litterbags of two plant organ types (leaves and stems) and immersed in

water for an incubation time of 365 d. Six replicates of two different mesh sizes (10

and 1mm) were used to better capture the environmental variability and test the pos-

sible influence of aquatic macro-invertebrates on the decomposition process. Since no

statistically significant differences between replicates of different mesh sizes were

observed, all replicates were pooled. After 365 d, the litterbags were recovered and the
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AFDW measured again using the same procedure to estimate the annual mass loss of

each tissue type.

The annual aboveground net primary production was measured as a sum of

monthly values obtained by collecting samples (five replicates per month) of the

aboveground vegetation biomass on an area of 1 m2 over one year. The AFDW of col-

lected monthly samplings were measured using the abovementioned procedure.

2.2.2. Aquaculture

Aquaculture activities in Goro lagoon are regulated by leasing licensed areas to private

cooperatives of farmers at a concession. Aquaculture service was mapped by means of

current spatial distribution of licensed areas and historical data on clam productivity.

The spatial distribution of these areas is relevant for the assessment related to environ-

mental impacts, whereas the production levels of Manila clam, representing the larger

fraction of the total aquaculture production in the Sacca di Goro lagoon, is a good

indicator for the service. The map of aquaculture concessions was obtained from the

Regional Environmental Protection Agency (Agenzia Regionale per la Prevenzione,

l’Ambiente e l’energia dell’Emilia-Romagna – ARPAE). The data on clam productiv-

ity from 1987 to 2007 were derived from Turolla (2008).

2.2.3. Aquatic vegetation loss in the Sacca di Goro lagoon

The spatiotemporal change of aquatic vegetation in Goro lagoon was assessed by com-

paring vegetated habitat maps for four dates: 1954, 1976, 1993, and 2005 and process-

ing them with ArcGis 10.3 (ESRI). Maps for 1954 and 1976 were obtained from

visual interpretation of aerial photograms, as reported in Gaglio, Aschonitis, Gissi

et al. (2017). Maps for 1993 (Piccoli, Dell’Aquila, and Pellizzari 1999) and 2005

(Noferini, Passerella, and Pellizzari 2006) were obtained in vector format from the

Regional Park of Po delta – Emilia Romagna. Habitats with emerging vegetation were

mapped for all four dates. Submerged vegetation dominated habitats were mapped

only for 1993 and 2005, since no spatial data were available for previous dates.

3. Results

3.1 Wetland reclamation in VMG district

The VMG district was subject to major wetland reclamations in the past that have sig-

nificantly affected its natural capital (Figure 3). Gaglio, Aschonitis, Gissi et al. (2017)

classified its recent history into two periods: (i) the land reclamation period

(1954–1976), characterized by extensive conversion from wetland to croplands, and

(ii) the environmental protection period (1976–2005), when significant efforts for

applying environmental protection measures were undertaken (Figure A1). The authors

also found that, during the land reclamation period, a slight increase in provisioning

services was observed at the cost of heavy losses to regulating, supporting and cultural

services. During the second period, despite the adoption of conservation measures that

reduced direct human interventions, the decrease of natural capital value continued as

a consequence of the loss of aquatic vegetated habitats in the Sacca di Goro lagoon.
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The lagoon has been subjected to several interventions during past decades. These

interventions were mainly to limit the inflow of freshwater, resulting in reduced nutri-

ent loads, and to facilitate the entrance of seawater, seeking to increase tidal currents,

hydrodynamics, and oxygenation (Figure 2). In the mid-1980s, the first interventions

Figure 3. Map of wetland reclamations performed in VMG district for the periods 1954–1976
and 1976–2008. Land cover types to which wetlands were converted are specified. Conversion
to “non-vegetated coastal wetlands” depicts the loss of aquatic vegetation.

Journal of Environmental Planning and Management 1509



were affected by building water pumps and initial reshaping of submerged channels, to

regulate bi-directional water exchanges between the lagoon and the sea. Unfortunately,

these plans did not materialize due to unsustainable management costs. However, these

initial interventions did not affect hydraulic circulation of the lagoon. The ineffective-

ness of institutional action led later on, in 1988, to an anonymous intervention. This

involved the removal of the western part of the outer sand bank of the lagoon to favor

the flow of seawater into the lagoon. However, the benefits were limited and restricted

to the open part of the lagoon. Other minor interventions were carried out in 1987 to

further reduce the nutrient loads from Po di Goro and Po di Volano (Spinelli et al.

1996) and, in 1997, to ameliorate hydrodynamics (Carafa et al. 2006). In 1999, a new

unidirectional water gate was built in the east corner of the lagoon, to direct water

fluxes from the mouth of the lagoon to Po di Goro. Since 2000, other actions subse-

quently reshaped submerged channels and restored sandbanks with the aim of amelio-

rating hydrodynamics and preserving habitat and species.

Overall, while recent interventions were somehow beneficial for human activities,

they were not sufficient to guarantee good ecological status of the lagoon. Specifically,

the increase in salinity caused by the reduction of freshwater inflow and the contem-

porary increase of marine water fluxes, namely marinization, were likely responsible

for reed stands dieback (Fogli, Marchesini, and Gerdol 2002). Despite the effort to

mitigate nutrient inputs during this time, intense macro-algal blooms took place,

thereby inhibiting the recovery of submerged macrophytes (Viaroli et al. 2006).

3.2. ESs provided by Phragmites australis-dominated habitats

The field surveys showed that the two sites differed in both richness and abundance of

taxa (Table 2). Divergent taxa were classified at species level, except for

Passeriformes. Overall, 15 taxa, of which nine were included in the 2009/147/EC

Directive, and 90 individuals were identified during the four months of analysis. The

Jaccard coefficient was 0.125, highlighting a low similarity between sites. The vege-

tated site hosted 63 individuals belonging to 11 taxa, while 27 individuals belonging

to five taxa were observed in the non-vegetated site. Grey heron (Ardea cinerea) was

the only species observed in both sites.

When considering species included in the 2009/147/EC Directive, eight taxa out of

nine were recorded in the vegetated site (five in Annex I and three in Annex II). In

the non-vegetated site, Common pheasant (Phasianus colchicus) was the only observed

species included in the 2009/147/EC Directive (Annex II).

Monthly aboveground NPP (Figure 4) showed the expected seasonal trends, except

for December when the average value reached 141.2 (±38.5) g AFDW m�2. The total

annual aboveground NPP was equal to 1056.02 (±32.9) g AFDW m�2.

The results of the litterbag experiment highlighted different decomposition dynam-

ics of P. australis stems and leaves (Table 3). The estimated decay rate (k) (Olson

1963) for leaf and stems was 0.00856 and 0.00228 per day, respectively. This led to

different fractions of mass loss and, together with the stems to leaves ratio, to different

contributions in terms of carbon accumulation. According to Equation (1), the overall

carbon accumulation capacity was estimated to 194.39 g C m�2.
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3.3 Aquaculture

The spatial distribution of licensed areas for aquaculture activities in Goro lagoon is

showed in Figure 5. The 75 different licensed areas cover a large part of the lagoon,

accounting for a total area of 1,416 ha. The clam production in the lagoon rapidly

increased between 1987 and 1991, reaching an annual yield of 15,500 tons, only to

decline in the 1990s. Subsequently, anoxic crisis was recorded during summer 2002

Table 2. Observed abundance of bird taxa in vegetated and non-vegetated sites. Species
included in 2009/147/EC Directive are marked with (�).

Taxa Common name
Vegetated

site
Non-vegetated

site
Directive 2009/

147/EC

Anas platyrhyncos Mallard 9 0
Ardea cinerea Grey heron 2 2
�Ardea purpurea Purple heron 4 0 Annex I
Cuculus canorus Common cuckoo 0 1
�Fulica atra Eurasian coot 4 0 Annex II
Garrulus glandarius Eurasian jay 0 1
�Larus argentatus European herring gull 2 0 Annex II
�Larus genei Slender-billed gull 1 0 Annex I
�Larus melanocephalus Mediterranean gull 1 0 Annex I
�Larus ridibundus Black-headed gull 25 0 Annex II
Passeriformes passerine 0 22
Phalacrocorax carbo Great cormorant 2 0
�Phasianus colchicus Common pheasant 0 1 Annex II
�Sterna albifrons Little tern 1 0 Annex I
�Sterna hirundo Common tern 12 0 Annex I
Abundance 63 27
Taxa richness 11 5

Figure 4. Measured mean monthly aboveground NPP. Values are expressed as g AFDW m�2.
Error bars show standard deviation.
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(Figure 6). Total clam production increased again between 2001 and 2002 and reached

the previous maximal levels in 2005, with an annual yield of 14,657 tons, as a conse-

quence of excavation of submerged channels in the eastern part of the lagoon.

3.4. Aquatic vegetation loss in the Sacca di Goro lagoon

Spatiotemporal changes of emerging and submerged aquatic vegetation in the eastern

part of Goro lagoon are reported in Figure 7. The estimated extension of Phragmites

australis dramatically decreased from 386 ha in 1954 to only 50 ha in 2005 (�87%).

Two hundred thirty-three out of 336 ha were lost during the 1993–2005 period, when

hydraulic balances of the lagoon were strongly altered. The area covered by submerged

vegetation suffered even larger losses during 1993–2005. In fact, areas covered by

Ruppia cyrrosa almost disappeared, decreasing from 270 to 4 ha (�98%).

Table 3. Decay rate (k), annual mass loss (%) and carbon storage estimated for leaves
and stems.

Decay rate (k) (day�1) Annual mass loss (%) Carbon storagea (g C m�2 year�1)

Leaves 0.00856 95.60 7.28
Stems 0.00228 43.45 187.10
Total 194.39

Note: aCarbon storage was calculated according to Equation (1).

Figure 5. Spatial distribution of licensed areas for aquaculture in the Sacca di Goro lagoon.
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4. Discussion

4.1 Trade-off between clam farming and ES provided by aquatic vegetation

The experimental analysis demonstrates that aquatic vegetation significantly contrib-

utes to increasing landscape multi-functionality, particularly in the context of agricul-

ture-dominated surroundings. In fact, the remaining wetland vegetation of the Sacca di

Goro lagoon provides a comprehensive set of ESs (Table 1).

The NPP of P. australis coupled with the low decay rate of their tissues allows the

net accumulation of carbon in aquatic systems, thus contributing to climate regulation.

The productivity dynamics of coastal vegetated habitats are strongly influenced by

nutrient availability (Sundareshwar et al. 2003), particularly those dominated by spe-

cies with high nutrient-use efficiency such as P. australis (Tylova-Munzarova et al.

2005). The mean monthly aboveground NPP (Figure 4) follows the typical seasonal

pattern, except for December observations. The anomalous high NPP value measured

in December can be explained with the higher availability of nutrients deriving from

the surrounding agricultural land during this particular period.

The estimated carbon accumulation capacity of P. australis-dominated habitats is

concordant with the range of values reported by McLeod et al. (2011), who found an

average burial rate of 218 g C m�2 in saltmarsh ecosystems. Moreover, this study

underestimates the overall NPP by not considering the carbon stored in the below-

ground biomass, as well as carbon amounts in trapped sediments (Duarte et al. 2013).

The comparison between vegetated and non-vegetated sites revealed important dif-

ferences in terms of habitat provision and potential for ecotourism. The higher abun-

dance and taxa richness observed in vegetated habitats are reflected by the low levels

of similarity between sites. The positive effects of aquatic vegetation on water bird

abundance and diversity are justified by the larger amount of aquatic meio and macro-

fauna (i.e. food availability) (Angradi, Hagan, and Able 2001) and suitable nesting

habitat (Parsons 2003). On the contrary, bird taxa observed in non-vegetated sites are

mainly associated with surrounding terrestrial environment. Thus, aquatic vegetation

Figure 6. Trend of clam production in Sacca di Goro lagoon.
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plays a fundamental role in wetland biodiversity conservation by providing habitat for

aquatic fauna.

Aquatic vegetated habitats were also found to host a higher number of protected

bird taxa than non-vegetated wetlands, thus having a larger potential for ecotourism.

These results can be explained by the fact that the presence of aquatic vegetation can

mitigate most of the impacts threatening many protected bird species, such as habitat

fragmentation (Schuh and Guadagnin 2018), predatory pressure (Sch€uttler et al. 2009),

and environmental quality degradation (Tavares et al. 2015).

Despite their relevant ecological functions, coastal vegetated wetlands have suf-

fered heavy losses worldwide (Millennium Ecosystem Assessment 2005). In the case

of the Sacca di Goro lagoon, the interventions planned with the aim of supporting

aquaculture activities appear to have been the main driver of change. Vegetation loss

occurred together with the increase in clam production and expansion of relative

licensed areas, which, however, were not overlapped spatially, indicating that habitat

protection and human activities may coexist. Plausibly, the loss of ecological functions

underpinning regulating, supporting, and cultural services were due to management

choices that were adopted with the best intent, but the specific environmental needs of

the area were not fully addressed. Thanks to the EU Life Project AGREE (LIFE13

NAT/IT/000115; http://lifeagree.eu/), a more comprehensive evaluation, based on pre-

vious experience, was performed to better address the specific needs of the different

sub areas of the lagoon, thereby, reinforcing a new paradigm of management, i.e. mon-

itoring and research as the basis for any management choice, which has to be dimen-

sioned on the specificity of each single sub-area.

Figure 7. Spatial distribution of sandy and aquatic vegetated habitat with submerged and
emerging vegetation for the years 1954, 1976, 1993, and 2005 in the eastern part of Sacca di
Goro lagoon. Habitats with submerged vegetation are mapped just for 1993 and 2005.
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Trade-offs among provisioning and other services as a consequence of unsustain-

able human exploitation of natural resources have been extensively described in the lit-

erature (Howe et al. 2014). Similar trade-offs involving intensive aquaculture activities

have been observed worldwide. For example, in tropical coastal areas, extended cover-

age of mangroves was converted to shrimp ponds (Arifanti et al. 2019; Kauffman

et al. 2018). In temperate zones, salmon aquaculture was found to reduce regulating

and cultural services (Outeiro and Villasante 2013), shellfish aquaculture is responsible

for eelgrass deterioration in nearshore ecosystems (Ferriss et al. 2019) which is the

provider of several ESs (Mtwana Nordlund et al. 2016).

In this study, aquaculture activities did not cause a direct trade-off for ESs and bio-

diversity, as demonstrated by previous studies carried out in the lagoon (Castaldelli

et al. 2003; Mantovani et al. 2006), but rather the evidenced loss of ESs can be related

to management choices and not to the aquaculture itself. This spurs a debate on the

importance of integrated evaluation as a basis for the decision support system.

4.2 ES loss under a fragmented sectoral management

The present work has highlighted the partial success of rigorous legislation, such as

the Nature 2000 Directive, that incorporate fragmented sectoral management in pro-

moting human well-being and multiple use of the landscape. Therefore, there is an

immediate need to adapt the ES approach in a site-specific manner and to temporal

evolution that a certain area has undergone. This means that in deltaic areas, based on

long-term monitoring studies, ES governance must integrate a wide set of services

with provisioning ones, as in the case of aquaculture in Sacca di Goro lagoon.

A unified vision is needed to coordinate instruments that consider multiple values

of ecosystems beyond conservation scopes. It is common knowledge that socio-eco-

logical systems suffer from scale mismatches (Guerrero et al. 2013). Since ecological

systems are regulated by processes occurring at different scales, sectoral measures

operating at other spatial scales than those of the impacted ecological processes, often

fail to effectively manage ecosystems (Cumming, Cumming, and Redman 2006).

Additionally, the rate of action implementation does not reflect the rate of change of

ecological systems, thus also introducing temporal scale mismatches (Guerrero

et al. 2013).

Suitable arguments for adoption of an ES approach are provided fragmentally, as

there is no specific EU policy for governing ESs (Bouwma et al. 2018). For example,

the EU Biodiversity strategy to 2020 provides measures to halt the loss of biodiversity

and ecosystem services in Europe. In particular, Target 2 aims to restore at least 15%

of degraded ecosystems by 2020 and to map and assess the state and economic value

of ecosystems and their services.

In the early 1980s, the initial conservation approach of the Ramsar Convention was

superseded by the principles of “wise use” of wetlands (Hettiarachchi, Morrison, and

McAlpine 2015), defined as “the maintenance of their ecological character, achieved

through the implementation of ecosystem approaches, within the context of sustainable

development,” suggesting the importance of guaranteeing multiple ESs.

Finding solutions for local implementation of these principles is a future key chal-

lenge to include the ES approach in the deltaic governance. However, there is a need

for local evidence to be exported to other coastal contexts concerning: (i) trade-off
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analysis based on measures rather than estimates (Mach, Martone, and Chan 2015) and

(ii) effective ES restoring strategies, leading to win-win solutions (Howe et al. 2014).

4.3 Restoring ESs in the river Po Delta and the Sacca di Goro lagoon

The VMG district has been subjected to widespread reclamations of its coastal wet-

lands and loss of aquatic vegetation in the past. Restoration of the lost ecological func-

tions to offset past reclamations is needed to achieve conservation targets and

guarantee sustainable governance for the area. However, the original ecological condi-

tions after restoration of some degraded areas and wetland loss might be challenging

to achieve (Yu et al. 2017). For these reasons, the restoring hierarchy in VMG should

be aimed at prioritizing the eastern part of the lagoon (the so-called Valle di Gorino),

where extended reed stands were present in the past. Complete conversion of

reclaimed coastal wetlands to their original status would be critical under a socio-eco-

nomic perspective. In fact, these areas currently have high agricultural yields and pro-

vide income and valuable traditional products. Although restoring pristine habitats

would be beneficial in terms of natural capital assets, reconversion of large areas

would not lead to proportional gains of ESs, because of the non-linear relationship

between habitat size and ecological functions (Barbier et al. 2008; Koch et al. 2009).

Because of their capacity to deliver a comprehensive set of ESs, restoring aquatic

vegetated habitats can represent a nature-based solution to increase the multi-function-

ality of coastal areas and achieve the EU biodiversity strategy targets to 2020. Many

studies have focused on modeling or describing single regulation functions (Koch

et al. 2009; Temmerman et al. 2013; Li et al. 2016; Arkema et al. 2017) rather than

considering multiple values. This study provides evidence that restoring vegetation in

coastal wetlands in the river Po delta might significantly increase multiple ESs to over-

come the past fragmented and sectoral management, while avoiding socio-economic

impacts due to agricultural land loss. These findings could be exported to other deltaic

areas and, particularly, for those that have undergone extended wetland reclamation.

Recently, within the EU Life Project AGREE, a substantial change in the manage-

ment of the Sacca di Goro has been adopted on the basis of monitoring results

(Castaldelli et al. 2016). Two water gates between the Po di Goro and the Valle di

Gorino have been opened permanently with the aim of increasing the freshwater

inflow and favoring restoration of reed stands in the eastern part of the lagoon. At the

same time, negotiations have started with clam farmers to move some of the licensed

areas for clam farming from internal zones of the lagoon to offshore. Involvement of

stakeholders and information on multiple benefits derived from restoring degraded hab-

itats might play a fundamental role in the mediation process. Higher costs involved in

longer travelling distances to reach offshore areas may be offset by the higher potential

yields that seem to characterize these zones (Vincenzi et al. 2006), while avoiding fur-

ther risks of Ulva spp. blooms in the lagoon (Viaroli et al. 1996). This solution may

harmonize the different needs and uses, such as habitat conservation and aquaculture

activities, while restoring regulating, supporting, and cultural ESs that contribute to

achieving sustainable goals. Specifically, the more rational use of the lagoon is

expected to support the local economy under a blue growth strategy, by maintaining

clam farming productivity and promoting ecotourism initiatives. The greenhouse gas

emissions generated by human activities can be offset by the sequestration of higher

amounts of blue carbon while achieving habitat and species conservation targets.
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Moreover, the improved hydrodynamic conditions of the lagoon and, to a lesser

extent, the benefits in terms of phytodepuration of restoring reed stands, are expected

to reduce the risks of anoxic events and algal blooms, thus favoring the possible

recovery of submerged vegetation in the process. Presently, the most important dis-

turbance to these habitats is due to agricultural activities, both at the scale of the

whole Po basin and locally. In particular, small basins that carry drainage water and

discharge directly into the lagoon (Castaldelli et al. 2013; Viaroli et al. 2018) are

areas prone to nutrient leaching (Aschonitis et al. 2013). For this reason, the reduc-

tion of nutrient leaching from agricultural fields may represent the most effective

measure to restore submerged macrophyte habitats. The reduction of fertilizer appli-

cations may be achieved by promoting more extensive practices, such as those

related to precision agriculture (Cilia et al. 2014) or organic farming (Reganold and

Wachter 2016).

5. Conclusions

This study provides evidence that a rational use of natural resources and the promotion

of multifunctional systems are needed to obtain sustainable goals. The results demon-

strate the importance of aquatic vegetated habitats as a provider of regulating, support-

ing, and cultural ESs. In deltaic areas subjected to past widespread reclamation, the

loss of vegetated coastal wetlands has led to concurrent loss of relevant amounts of

carbon that could be sequestered and stored in these ecosystems and habitats for bird

communities, resulting in a decrease in conservation values and potential for bird-

watching-related tourism.

As observed in other socio-environmental contexts, trade-offs between aquaculture

and other ESs, as well as environmental conservation, occurred during past decades in

a Mediterranean delta, despite various environmental protection measures and planning

instruments adopted at European, national and local levels. Sectoral regulation and

fragmented measures failed in guaranteeing the sustainable use of natural resources

and human well-being over time.

By means of ES assessment carried out in a brackish lagoon of the Po river delta,

the findings demonstrate the potential for restoring lost habitats as a nature-based solu-

tion that could be adopted in delta governance. The restoration of such degraded habi-

tats, together with relocation of licensed areas for clam aquaculture in the Sacca di

Goro lagoon, led to maximization of win-win strategies in the context of an ES

approach. Nonetheless, such solutions require increased scientific efforts in investigat-

ing ecosystems functioning, as well as a better understanding of stakeholders’ involve-

ment mechanisms.

However, even though the investigated services could be categorized into all the

four ES categories, a wider set of ESs is needed to assess and better capture the value

of aquatic ecosystems and relative trade-offs. Moreover, when evaluating cultural serv-

ices, people perception and real fruition should be taken into account.

Overall, given the high environmental and socio-economic relevance of the area,

the Po delta might be an ideal case study to test the contribution of nature-based solu-

tions in sustainable management of deltas. Monitoring the outcomes of ongoing restor-

ation attempts and management strategies would provide suitable information to be

exported to other deltaic areas.
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Appendix

Figure A1. Land use maps of VMG district for the years 1954, 1976, and 2008. Elaboration
from Gaglio, Aschonitis, Gissi, et al. (2017).
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Abstract

We examined the fire‐induced changes in groundwater recharge rate. This aspect is

particularly important in the case of large forested areas growing over a coastal aqui-

fer affected by saltwater intrusion. In the Ravenna coastal area (Italy), pine forests

grow on coastal dune belts, overlying a sandy unconfined aquifer, which is strongly

affected by marine ingression. Three groundwater profiles across the forest and

perpendicular to the coastline were monitored for groundwater level, physical, and

chemical parameters. The aims were to define groundwater quality, recharge rate,

freshwater volume, and highlight change, which occurred after a forest fire with ref-

erence to pre‐fire conditions. Analytical solutions based on Darcy Law and the Dupuit

Equation were applied to calculate unconfined flow and compare recharge rates

among the profiles. The estimated recharge rates increased in the partially and

completely burnt areas (219 and 511 mm year−1, respectively) compared with the

pristine pine forest area (73 mm year−1). Although pre‐fire conditions were similar in

all monitored profiles, a post‐fire decrease in salinity was observed across the burnt

forest, along with an increase in infiltration and freshwater lens thickness. This was

attributed to decrease canopy interception and evapotranspiration caused by vegeta-

tion absence after the fire. This research provided an example of positive forest fire

feedback on the quantity and quality of fresh groundwater resources in a lowland

coastal aquifer affected by saltwater intrusion, with limited availability of freshwater

resources. The fire provided an opportunity to evaluate a new forest management

approach and consider the restoration and promotion of native dune herbaceous

vegetation.

KEYWORDS

aquifer recharge, coastal aquifer, forest fire, groundwater, saltwater intrusion

1 | INTRODUCTION

Coastal areas around the world are facing serious freshwater supply

problems because of an increase in human activities, especially agricul-

ture and tourism, and climate change, which affects the temperature

and rainfall regime.

Many coastal regions have adopted or will adopt management

methods to improve fresh groundwater supply to compensate and

control, for instance, the salinization of coastal aquifers (Oude Essink,

2001). In past decades, several techniques that might lead to an

increase in freshwater availability have been investigated globally,

such as Managed Aquifer Recharge (Bekele et al., 2015; Dillon,

2005; Dillon, Pavelic, Page, Beringen, & Ward, 2009; Page, Bekele,

Vanderzalm, & Sidhu, 2018; Sprenger et al., 2017), Aquifer Storage

and Recovery (Dillon et al., 1999; Page, Peeters, Vanderzalm, Barry,

& Gonzalez, 2017), Soil Aquifer Treatment (Barry, Vanderzalm,
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Miotlinski, & Dillon, 2017; Fox et al., 2001; Sharma & Kennedy, 2017),

and water desalination plants (El Saliby, Okour, Shon, Kandasamy, &

Kim, 2009; March, Saurí, & Rico‐Amorós, 2014).

Controlled and prescribed burning are often used in ecosystems

and forests to control vegetation community structure and growth

(Obrist, DeLucia, & Arnone, 2003) and for managing forest resources

to improve wildlife habitat, manage competing vegetation, prepare

sites for seeding and planting, and control insects and disease

(Fernandes et al., 2013; Penman, Binns, Shiels, Allen, & Penman,

2011; Vermeire, Mitchell, Fuhlendorf, & Wester, 2004). In Italy,

unfavourable land characteristics, conflicting management goals, a

hostile socio‐cultural environment, and an inadequate regulatory

framework have limited the application of prescribed burning until

the 2000 (Ascoli & Bovio, 2013). From 2005 to 2012, prescribed

burning programmes for fire hazard reduction, forest management,

and biodiversity conservation were implemented throughout Italy

(Ascoli et al., 2012).

Fire is not normally considered as a tool for enhancing water

resources. The hydrological effects of forest fire for water catchment

management purposes have been studied for several reasons. Some

important reasons include the definition of fire impacts on soil proper-

ties (Shakesby & Doerr, 2006; Stoof et al., 2012), changes in erosion

hazard and run‐off generation due to decreased canopy interception

and vegetation removal (Cawson, Nyman, Smith, Lane, & Sheridan,

2016; Fernandez, Vega, Fonturbel, Jimenez, & Perez, 2008; Singh,

Schoonover, Monroe, Williard, & Ruffner, 2017), and influence on

streamflow regime (Bart, 2016; Feikema, Sherwin, & Lane, P.N:J.,

2013; Stoof et al., 2014; Zhou, Zhang, Vaze, Lane, & Xu, 2015). As a

consequence, groundwater recharge rates, net infiltration, and water

balance can change after a forest fire (Eben & Moody, 2016; Lane,

Croke, & Dignan, 2004; Silberstein, Dawes, Bastow, Byrne, & Smart,

2013; Yesertener, 2005). Some recharge simulations and groundwater

models (Vogwill, McHugh, O'Boy, & Yu, 2008) have demonstrated that

increasing the burn frequency and removal of pine plantations can be

the only viable option for a significant increase in recharge to ground-

water system. Vegetation, in fact, plays an important role in the water

cycle. Forests have contrasting feedbacks on groundwater resources

(Callahan, Amatya, & Stone, 2016) depending on the climate system

and the morphology of the territory. A positive feedback is the shad-

ing of the canopy that prevents soil evaporation. According to the

canopy geometry, the stemflow (precipitation which flows down the

tree stem) can increase, allowing for more efficient infiltration at the

base of the trees (Tanaka, Taniguchi, & Tsujimura, 1996; Taniguchi,

Tsujimura, & Tanaka, 1996). Negative feedbacks on groundwater con-

sist of root uptake, which lead to an increase in evapotranspiration

(ET) processes, causing a reduction of freshwater recharge into

groundwater. High evaporation rates can be significantly important

in the case of large forested areas growing over coastal aquifers

affected by saltwater intrusion and in low‐lying Mediterranean coastal

zones where freshwater availability is limited and it has to be pre-

served. Coastal areas are further threatened by climate change and

sea‐level rise (IPCC, 2013), which will cause a landward ingression of

the sea and modifications in the coastal aquifer recharge dynamics

(Yechieli, Shalev, Wollman, Kiro, & Kafri, 2010). Sea level rise in the

study area and Mediterranean coastal zone is predicted to increase

0.23–0.57 m from 2081 to 2100 (IPCC 2013; Perini et al., 2017). This

will cause severe adverse impacts on saltwater intrusion processes in

coastal aquifers and on sea water encroachment along river mouths

(Giambastiani, Antonellini, Oude Essink, & Stuurman, 2007).

In the Emilia‐Romagna region, northeast of Italy, temperature is

predicted to increase, with higher minimum temperatures than aver-

age the whole year round. In winter, maximum temperature will be

higher than current average, whereas summer will remain mostly

unchanged (Mollema et al., 2012; Tomozeiu, Cacciamani, Pavan,

Morgillo, & Busuioc, 2007). The annual rainfall regime is predicted to

decrease by 2.5–6.1%, with less rain in summer and relatively more

rain in winter (Mollema et al., 2012). The economic damage to agricul-

ture, particularly in the Po River Valley with its extensive irrigation

crops, may become considerable (Villani, Tomei, Tomozeiu, &

Marletto, 2011). Altered precipitation regimes as well as temperature

and ET increases may cause a decrease in aquifer recharge. Along

the coast, this will result in a landward shift of the brackish‐saltwater

wedge (Mollema & Antonellini, 2013), an increase in the salinity of

coastal wetlands (Antonellini & Mollema, 2010), and a progressive

thinning of freshwater lenses below coastal dunes (Cozzolino, Greggio,

Antonellini, & Giambastiani, 2017).

The objective of this study was to evaluate post‐fire effects on

aquifer recharge and alteration of groundwater salinity and freshwater

availability in the coastal aquifer of Ravenna, a low‐lying coastal area

in the Po River Plain (NE Italy). Pre‐fire and post‐fire monitoring data

related to groundwater level, physical, and chemical parameters were

analysed to highlight changes occurring after a forest fire that, in July

2012, devastated a large coastal pine forest (about 118 ha). Post‐fire

increases in aquifer recharge and freshwater availability were evalu-

ated by calculating flow and infiltration rates along profiles located

in different portions of the forest (burnt, partially burnt, and pristine

forest). Groundwater levels pre‐fire and post‐fire were compared,

and the recharge rates were extrapolated with the objective of

matching modelled and measured hydraulic head.

1.1 | Site description

In the Ravenna coastal area (Figure 1a), several dense pine forests grow

on dune belts, bordering beaches, and active dunes. The Ravenna

coastal pinewood, dominated by Pinus pinaster, were planted starting

from the end of the 19th century, constituting an alien forest, providing

a social and historical landmark for the local population. Originally, the

pinewoods were planted to protect agriculture and reclamation land

from marine spray (ASFD, 1960; Benini, 1931) and then they were also

exploited for pine nuts and timber, providing employment to a large

number of locals (ASFD, 1950). With the tourism boom of the 1970s,

the coastal pinewoods increased their importance and functions as rec-

reational areas (picnic, excursions, bird watching, bike tracks, etc.), and a

new naturalistic and conservation role was approved by local manage-

ment plans (Longhi, 1969; Naccarato, 1971). In order to guarantee the

protection and preservation of the pinewood habitat, in 1977, the

Riserva Naturale dello Stato (StateNature Reserve)—Ravenna Pine Forest

was established (Cantiani, Ferretti, Pignatti, Andreatta & Nobili, 2008).

The study area is situated within the Ramazzotti coastal forest,

located south‐east of Ravenna (Figure 1). This pine forest extends
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parallel to the coast for 2.5 km and inland for 0.6 km where transition

to low‐laying farmland occurs.

The elevation of the Ravenna coastal area varies from 4 m a.s.l. of

coastal dunes (where still present) to about −2 m a.s.l. in inland areas.

The forest average elevation is 0.3 m a.s.l. The coastal plain is under-

going subsidence, mostly due to anthropogenic factors, such as

groundwater overexploitation for industry and irrigation purposes,

natural gas extraction, and drainage (Teatini, Ferronato, Gambolati,

Bertoni, & Gonella, 2005). The high land subsidence rate presents a

major threat for this coastal environment. Under natural condition,

the subsidence is a few millimetres per year, whereas anthropogenic

subsidence rate is about 6–21 mm year−1 in the monitored area

(Taramelli, Di Matteo, Ciavola, Guadagnano, & Tolomei, 2015).

Because of low topography, high rate of natural and anthropic subsi-

dence and an extensive drainage system (Antonellini, Allen, Mollema,

Capo, & Greggio, 2015), the coastal aquifer is subjected to marine

ingression with groundwater that remains brackish to saline. Freshwa-

ter lenses are limited in areal extent, thickness, and time and are

related to dune heights in coastal systems (Cozzolino et al., 2017).

The thin freshwater lenses in the shallow Ravenna coastal aquifer

are limited in space and have limited use for irrigation or human activ-

ity. Where present, however, they are important to reduce water and

soil salinization, which in turn control the health of the whole coastal

ecosystem (Antonellini & Mollema, 2010; Greggio, Giambastiani, &

Antonellini, 2017; Mollema et al., 2012).

The low topography of the pine forest generates shallow water

table, which reaches the surface during wet winter months. In order

to prevent damages to pine roots (Antonellini & Mollema, 2010), three

drainage ditches were excavated across the forest (blue lines in

Figure 1a and 1b). They equally drain all portions of the forest and

keep the topographically lowest portions dry by collecting and routing

water towards water pumping stations located several kilometres

inland (blue symbols in Figure 1a). The water level in the drains within

the forest is almost constant throughout the year (around about −0.7

to −0.75 m a.s.l.).

The pine forest overlies a sandy coastal unconfined aquifer, which

extends for about 6–7 km inland. The forest represents the only

recharge area where rainfall may deeply percolate to the groundwater.

The coastal aquifer has a thickness ranging from 12 to 25 m and con-

sists of two sandy units (0–7 m and 23–25 m a.s.l.) separated by a

prodelta deposit with alternations of silt, clay, and fine sand layers

(Amorosi, Colalongo, Pasini, & Preti, 1999; Marchesini et al., 2000).

The bottom‐confining layer (aquifer basement) is an impermeable clay

at −25 to −30 m a.s.l. The hydraulic conductivity decreases from 10−4

(sandy units) to 10−6 m s−1 (prodelta sediment), from the top of the

aquifer to its bottom until the impermeable basement (10−9 m s−1;

Giambastiani, Colombani, & Mastrocicco, 2012). The saturated

thickness of the aquifer investigated in this study was approximately

6–7 m, to the top of the prodelta unit, which acts as an aquitard unit

especially in proximity of the sea.

1.2 | July 2012: Forest fire

In July 2012, a large fire devastated more than 60 ha of the pine forest

with 20 ha that were completely destroyed and left with bare soil and

ashes (Figure 2). A portion of forest was completely burnt (burnt forest

—BF), a portion was partially burnt (semi‐burnt forest—SBF), and the

FIGURE 1 Location of the study area (black polygon) within the Ramazzotti coastal forest (a) and distribution of the pre‐fire (b; 2015 base map)
and post‐fire (c; 2017 base map) monitoring points and profiles (black dashed lines). GMP is for Ground Monitoring Point as in Cozzolino et al.
(2017), BF for burnt forest, SBF for partially burnt forest, and PF for pristine forest in order to distinguish the different impacts of the fire
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southern portion of the forest was not reached by the fire (pristine

forest—PF; Figure 1c).

2 | MATERIAL AND METHODS

2.1 | Data collection

2.1.1 | Pre‐fire data

The pre‐fire dataset is based on monitoring by Marconi, Antonellini,

Balugani, and Dinelli (2011). Chemical and physical parameters

from groundwater samples were collected via auger holes and shallow

piezometers. The auger hole campaign included 14 locations within

the pine forest (brown triangles in Figure 1b) where hydraulic head

(m a.s.l.), temperature (°C), pH, redox potential (mV), and electrical

conductivity (mS cm−1) of the groundwater were measured in March

2008. In addition to field measurements, all groundwater samples

were analysed for major ions (Ca2+, Mg2+, Na+, K+, Cl−, HCO3
−,

SO4
2−, NO3

−) using an isocratic dual pump ion chromatography ICS‐

1000 Dionex. Ionic balance was computed to evaluate analysis reliabil-

ity, and data were discarded when exceeding + − 5%.

In order to investigate the deepest part of the aquifer, a network

of six fully screened shallow piezometers (5 m deep) were installed

along two transects perpendicular to coastline (yellow dots in

Figure 1b). Two sampling campaigns were conducted in August 2009

and March 2010 using a straddle packers system with a 0.2‐m‐

sampling‐window connected to a submersible centrifuge pump

(Mastrocicco, Giambastiani, Severi, & Colombani, 2012). In this case,

only chemical–physical parameters were measured in the field, and

no chemical analyses were performed in the lab.

2.1.2 | Post‐fire data

Eight months after the forest fire, on March 2013, an auger hole cam-

paign was carried out along the three profiles (BF, SBF, PF in red,

orange, and green dots in Figure 1c, respectively).

Eight auger holes were drilled for each profile to monitor water

level and groundwater chemical–physical parameters by a multiparam-

eter probe. Samples of seawater and the two drainage channels in the

forest were also collected. All water samples were analysed for major

cations and anions (Ca2+, Mg2+, Na+, K+, Cl−, HCO3
−, SO4

2−, NO3
−) to

highlight any hydrochemical change in pre‐fire and post‐fire conditions.

To highlight changes occurring in the aquifer during the post‐fire

forest recovery, a network of 16 Groundwater Monitoring Points

(GMPs) were put in place on July 2014. This groundwater monitoring

network was based on multilevel sampler techniques (Balugani &

Antonellini, 2011; Davis & Barber, 1994) consisting of boreholes with

multiple filters at different depths. These filters provided samples from

several isolated depths and achieved a high‐resolution characteriza-

tion of the aquifer, avoiding mixing and cross‐flow problems. GMPs

(blue dots in Figure 1c) were organized in four profiles located at 70,

100, 230, 350, and 400 m from the coastline (three profiles in BF

FIGURE 2 Photos of the coastal pine forest taken during fire in July 2012 (a) and following days (b; credits to Silvano Foschini, Archive of
Carabinieri for Biodiversity, Punta Marina Office); aerial photo taken in February 2013 showing the burnt portion of the forest, which was left
with bare soil and ashes (c, credits to Dr. G. Nobili)

4 GIAMBASTIANI ET AL.



and three in PF) and their elevation was determined by Real Time

Kinematic‐GPS surveys. The first GMP was located on the active

foredune, whereas the innermost was situated between the two drain-

age channels. Each GMP consisted of eight minifilters (the first five

were 0.5‐m‐apart and the last three were 1‐m‐apart) and a 0.06 m

diameter piezometer, open at the bottom, for measuring water level.

Groundwater samples from each minifilter were collected by low‐flow

technique through an inertial pump (about 0.5 L min−1). Hydraulic

head (m a.s.l.), electrical conductivity (mS cm−1), and temperature (°C)

were measured by water level logger and a multiparametric probe.

(See Table 1 for monitoring campaign details.)

Climate data were derived from Ravenna weather stations

included in the Hydro‐Meteo‐Climate Service of the Emilia‐Romagna

Region (Dexter system, http://www.arpae.it/). A 40‐year time

series was used to set the climate period considered in the study

(2008–2016) into a wider time scale.

2.2 | Data analysis

The relative homogeneity of the aquifer properties and the simple 2D

flow conditions in the coastal aquifer (Giambastiani et al., 2007, 2012;

Mastrocicco et al., 2012) allowed the use of an analytic solution

approach. The analytical solutions of Darcy Law and Dupuit equation

(Fetter, 2001) were applied to calculate the unconfined flow and

hydraulic head (h), based on the following:

h ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h21−
h21−h

2
2

� �

x

L
þ
w

K
L−xð Þx

v

u

u

t

; (1)

where x is the distance from coastline (m); h1 and h2 are the hydraulic

heads at the origin and at a distance L, respectively (m); K is the

hydraulic conductivity (m day−1); and w is the recharge rate (m day−1;

Figure 3). In these calculations, hydraulic heads were measured during

the monitoring campaigns, and hydraulic conductivity value was

derived by slug tests (Bouwer, 1989; Bouwer & Rice, 1976) carried

out in several piezometers located in the forest. Distances and flow

lengths were based on GPS topographic profiles and potentiometric

surfaces. Along all profiles reported in Figure 1, groundwater levels,

as calculated by using Equation (1), and measured levels were com-

pared, whereas the recharge rates (w in Equation (1)) were inverted

to match the measured hydraulic heads.

Rainfall was presented as Cumulative Rainfall Departure (Weber

& Steward, 2004), and average daily temperature was presented in

an annual curve (Figure 4).

Groundwater level and salinity data pre‐fire and post‐fire were

compared and plotted along the monitored profiles (Figures 5–7).

Major cation and anion concentrations were presented by using

Langelier–Ludwig graph (Langelier & Ludwig, 1942; Figure 8).

3 | RESULTS AND DISCUSSION

The mean annual rainfall is 637 mm year−1 in the period 1976–2016

(Figure 4). The Cumulative Rainfall Departure graph highlights a long

dry period in the decade from 1982 to 1992, when the precipitation

is under the historical average; the following period (1993–2005) is

marked by above average precipitation. During recent years, a short

TABLE 1 List of monitoring campaigns and applied method for groundwater sample collection

Date Auger hole Straddle packers Multilevel sampler

Pre‐fire March 2008 Chemical–physical parameters.
Cations and anions

August 2009; March 2010 Chemical–physical parameters.

Post‐fire March 2013 Chemical–physical parameters.
Cations and anions

November 2014; February and
July 2015; May 2016

Chemical–physical parameters.

FIGURE 3 Scheme of the unconfined flow
based on the analytical solutions of Darcy Law
and Dupuit equation (Fetter, 2001)
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dry phase is evident from 2006 until 2012; this phase is transitory, and

in the last 4 years, excluding 2016, constant annual rainfall above

700 mm year−1 is recorded. The average annual rainfall for the period

2005–2016 corresponds to the annual average of the whole period

1976–2016, indicating stable amount of water input from precipita-

tion. During the years monitored in this study, the mean annual rainfall

does not show any particular trend.

The annual water surplus available for infiltration is minimal (60–

150 mm year−1) due to the high ET rate of the pine forest. The ET rate,

in fact, ranges from about 300 mm year−1 to about 1,000 mm year−1

(Arpae, 2017; Mollema et al., 2012; Mollema, Antonellini, Gabbianelli,

& Galloni, 2013a). Based on water budget developed for the forests of

Ravenna by Mollema and Antonellini (2013) and Mollema, Antonellini,

Gabbianelli, and Galloni (2013a), there is a general deficit over the

whole year, during which ET exceeds precipitation and a limited sur-

plus occurs only in winter (from November to March). The average

air temperature constantly increases during the whole time series

(1976–2016); in particular, in the last 6 years, 5 years have an average

temperature at or above 15°C (Figure 4).

FIGURE 4 Bar graph showing the average annual rainfall. Red line
indicates the average annual temperature, whereas blue line
indicates the Cumulative Rainfall Departure for 40 years time period
(1976–2016). Original data are from the Dexter database (http://
www.arpae.it/)

FIGURE 5 Water table level comparison pre‐fire (2008) and post‐fire (2013–2016) in the unburnt (PF, a) and burnt (BF, b) forest. Black lines
show the topography profiles (refer to Figure 1 for locations)

FIGURE 6 Groundwater salinity comparison pre‐fire (2008) and post‐fire (2013–2016) in the unburnt (PF, a) and burnt (BF, b) forest (refer to
Figure 1 for locations)
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The water table level (Figure 5), in both pre‐fire and post‐fire con-

ditions, illustrates a forced gradient from the sea towards the inland

drainage ditches (about 400 and 500 m from the coast). Generally,

the water table ranges from 0 m a.s.l. in proximity of the sea to −0.7

to −1.0 m a.s.l. nearby the drainage ditches. This agrees with past

studies in this coastal area, indicating a general inland‐directed

hydraulic gradient created by the drainage ditches at the back of the

beach‐dune system (Antonellini et al., 2008; Cozzolino et al., 2017;

Vandenbohede, Mollema, Greggio, & Antonellini, 2014). Before the

fire (2008), monitoring data indicate similar water table levels in all

portions of the pine forest, with average values ranging from

−0.5 m a.s.l. below the dune to −1.2 m a.s.l. in the inner part of

the forest.

Both water table level and salinity in PF (Figures 5a and 6a)

remain quite constant during the years following the fire. Compared

with the 2008 values (Figure 5a), the water table rises 0.40 m below

the dune, 0.14 m at about 250 m from the coastline, and 0.29 m in

the central area (about 400 m from the coastline). On the contrary, a

significant increase in water table level and a decrease in salinity are

recorded in the SBF (profile not shown) and BF (Figures 5b and 6b)

during 2013–2015. In 2016, the water table in BF rose 0.75 m below

the dunes, 0.90 m at 250 m from the coastline, and 0.50 m in the cen-

tral area (about 350 m from the coastline), compared with the 2008

values (Figure 5b). From 2013 to 2016, water table values rose on

average 0.2 m year−1 in BF.

Figure 6b shows the abrupt decrease of top aquifer salinity

recorded in the BF transect compared with the pre‐fire situation.

Apart from the sea and drainage ditches, which have high salinity

values (25–30 g L−1), all measurements display salinity ranging from

0.1 to 3 g L−1. A post‐fire freshwater lens forms below the crest of

the dune, and it extends in the backdune and through the forest until

350 m from the sea (Figure 6b), whereas the pre‐fire conditions shows

higher salinity values, between 6 and 17 g L−1, in all transects.

Water level and salinity time series for the same three profiles

are not available. These results, however, indicate hydraulic condi-

tions and salinity trends, which are typical of all Ravenna's coastal

pine forests (Antonellini et al., 2008; Giambastiani et al., 2007;

Marconi et al., 2011): a shallow brackish–freshwater interface with

limited seasonal variations, and small freshwater lenses only below

the highest dunes.

The comparison between hydraulic head measured in the field

during monitoring campaigns and calculated hydraulic head (Figure 7)

shows a general good coefficient of determination (R2 = 0.87), ranging

from the minimum value of 0.78 to the maximum value of 0.95 in PF

and SBF, respectively. The overall mean root square error is 0.18 m,

ranging from 0.16 to 0.20 m in the SBF and BF, respectively.

The recharge rates (w) are obtained by inversion from Equation (1)

to obtain the best fit between modelled and measured hydraulic

heads. The best fit data for the analytical modelling, necessary for

recharge rate calculation, are reported in Table 2. The hydraulic head

values are computed on average values. The total flow length L is

constrained by the position of the dune and the drainage ditch on

each profile. The hydraulic conductivity (K) is the average of the values

obtained by slug tests in the study area. The results of these slug tests

FIGURE 7 Comparison between measured and calculated hydraulic
head in the three forest areas (BF, SBF, and PF) for the post‐fire period

FIGURE 8 Langelier–Ludwig diagram of the groundwater samples
collected via auger hole technique in 2008 (pre‐fire) and 2013 (post‐
fire). The dashed line corresponds to the mixing line between seawater
(black square) and rainwater (black triangle) end‐members. The pre‐fire
data are from Marconi et al. (2011)

TABLE 2 Best fit data used in the recharge rate calculation for the
three forest areas (BF, SBF; and PF)

Parameters BF SBF PF

h1 (m) 7.00 7.00 7.00

h2 (m) 6.03 5.97 6.51

K (m day−1) 10 10 10

L (m) 420 420 460

w (mm year−1) 511 256 73

Note. Refer to Equation (1) and Figure 3 for variable explanations: h1 and
h2 are hydraulic heads at the origin and at a distance L; K is the hydraulic
conductivity; and w is the recharge rate.
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are representative of well‐sorted sand, as expected in the case of

beach‐dune system, ranging from a minimum of 1 to a maximum of

10 m day−1.

Previous water budget studies conducted by Mollema and

Antonellini (2013) and Antonellini et al. (2008) in the same coastal area

indicate limited water surplus (60–150 mm year−1) available for aqui-

fer recharge and infiltration. The estimated recharge rates, obtained

here by analytical modelling, indicate that recharge increased in the

burnt area (256 mm year−1 in SBF and 511 mm year−1 in BF), com-

pared with PF (73 mm year−1). These recharge values are within the

average range calculated in the previous works (Mollema et al.,

2012; Mollema & Antonellini, 2013; Mollema, Antonellini, Gabbianelli,

& Galloni, 2013a). A recharge rate like the one estimated for BF

(511 mm year−1, corresponding to 1.4 mm day−1), which is greater

than 50% of the annual precipitation, is justified by complete vegeta-

tion removal and high decrease in ET due to land use change right

after the fire: from dense arboreal cover to coarse bare soil and patchy

grass. Infiltration rates on exposed unvegetated sand dunes appear to

be quiet high (Dingman, 2008). This recharge rate will tend to

decrease along with sand stabilization and the establishment of vege-

tation, which causes the increase in ET (Hugenholtz & Koenig, 2014),

as supported by the smaller value of recharge estimated in SBF.

In the forested area, aquifer recharge is limited to autumn and

winter seasons, whereas during spring and summer water budget is

negative as high ET rate exceeds precipitation. For example, intercep-

tion, transpiration, and soil evaporation for pine forests in Belgium and

the Netherlands range, in total, between 25% and 58% of annual pre-

cipitation (Batelaan & de Smedt, 2007), whereas for pine forests in

Ravenna, Mollema, Antonellini, Gabbianelli, and Galloni (2013a) obtain

a maximum value of 25%. This latter study demonstrates that pine

tree transpiration has an important role in the water budget. In

fact, considering the estimated actual pine tree transpiration rates of

10–30 L per tree day−1 (Mollema, Antonellini, Gabbianelli, & Galloni,

2013a) and the density of trees in the PF (10–20 trees per 100 m2;

Antonellini & Mollema, 2010; Teobaldelli, Mencucci, & Piussi, 2004),

it is possible to estimate a transpiration component of ET that can

be up to 3 mm day−1 in the warm season. As a result of this, infiltration

in the forest with high pine tree density is lower than in the portion

left with bare soil after the fire. Moreover, during winter season, water

infiltrating through the aquifer is quickly intercepted by the drainage

system, which keeps the forest dry and preserves the pine trees. The

high infiltration rates recorded in BF are likely due to reduced forest

cover and associated decrease in ET.

Silberstein et al. (2013) demonstrated that forest sites affected by

fire tend to show significant increase in soil moisture storage due to

reduced leaf area relative to the unburnt sites and the associated

reduction in ET from vegetation. Another study (Mullen, Springer, &

Kolb, 2006) demonstrates that climate variations, such as very wet

or dry periods after the fire, complicate the use of fire as a tool for

enhancing groundwater recharge. Precipitation in the post‐fire

period (2013–2016) is 16% larger than the average annual value

(1976–2016). We do believe, however, that rainfall increase cannot

be the only main driver of the measured water table trends across

the forest after the fire, given that the same increase does not occur

in PF, which has experienced identical climatic conditions.

In some cases, the positive effects on infiltration, ET, and ground-

water level can last only for a few seasons after the fire. Sometimes,

after an initial period of enhanced infiltration that recharges the sandy

aquifer, the rapidly regenerating vegetation may consume most of the

infiltrating water, terminating the positive effect of the fire (Silberstein

et al., 2013). In our case, however, the positive effects last longer and

increased water table levels and high recharge rates, along with a

decrease in shallow salinity, are also recorded in 2015 and 2016,

4 years after the fire.

In addition to the contribution of decreased canopy interception

and plant uptake, increased preferential flow (finger flow) could be a

potential mechanism that enhances deep infiltration of rain and causes

more rapid groundwater recharge (Ritsema & Dekker, 1995; Stoof

et al., 2014). The authors conclude that, by reducing topsoil moisture

and increasing soil moisture variability, fire increases the propensity

for preferential flow in burned soil, promoting deep infiltration. How-

ever, this is more important in clay‐rich soils rather than in sandy soil

like in our study area where infiltration is fairly rapid.

A diminished moisture content in topsoil after fire is common

(Silva, Rego, & Mazzoleni, 2006; Stoof, Moore, Ritsema, & Dekker,

2011) and can be explained by increased albedo and lack of shading

on exposed and blackened burned soil. These conditions lead to high

post‐fire soil temperatures and increased soil evaporation. Stoof

et al. (2014), however, show that the drying effects of fire on soil

can be often restricted to the first top centimetres (5–6 cm). Below

the topsoil, on the other hand, burnt soils can be as wet as or even

wetter than unburnt soils. Higher soil evaporation in burnt soil seems

to be balanced by lower ET at the roots depth (Silva et al., 2006) and

by an increased infiltration, in terms of finger flow development that

enhances deep infiltration of rain and causes more rapid groundwater

recharge (Ritsema & Dekker, 1995).

The other aspect to be taken into consideration is the soil water

repellency, which is caused by hydrophobic, long‐chained organic mol-

ecules released after vegetation fire from burning plant litter (Doerr,

Shakesby, & Walsh, 2000). Some plants (e.g., pines) containing resin,

wax, or aromatic oil, are commonly associated with soil water

repellency (DeBano, 1981, 2000; Doerr et al., 2000). Several studies,

however, show that an increase in soil water repellency is not always

observed in post‐fire conditions. The lack of fire‐induced soil water

repellency is common for soils that have “natural background” or

“pre‐fire” soil water repellency, as demonstrated, for instance, in soils

under P. pinaster forest in Spain (Rodríguez‐Alleres, Varela, & Benito,

2012) and Portugal (Doerr, Shakesby, & Walsh, 1996, 1998).

Fire behaviour, fire severity, and temperature gradients develop-

ing in the soil during a fire, all affect the formation of a water repellent

layer (DeBano, 2000). Water repellency, however, is destroyed when

soils are heated above 270°C (Doerr et al., 2000; Giovannini &

Lucchesi, 1997; Savage, 1974). This temperature can be easily reached

in the case of forest fire (Dennison, Charoensiri, Roberts, Peterson, &

Green, 2006; Marcelli, Santoni, Simeoni, Leoni, & Porterie, 2004;

Wotton, Gould, McCaw, Cheney, & Stephen, 2011) like the uncon-

trolled wildfire that occurred in 2012 within the study area.

Wildfires are often followed by a significant increase in run‐off

and erosion due to direct damage of vegetation and alteration of phys-

ical and chemical soil properties, which in turn affect infiltration, run‐
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off, sediment erosion, and transport (Moody, Martin, Haire, & Kinner,

2008; Rulli, Offeddu, & Santini, 2013). Rainfall intensity after the fire,

the time interval between the fire episodes (Rulli, Spada, Bozzi,

Bocchiola, & Rosso, 2006), topography, and slope morphology could

also influence the post‐fire changes in run‐off and soil erosion

(Andreu, Imeson, & Rubio, 2001). In the study area, however, we esti-

mate an increase in groundwater recharge, as demonstrated by the

water table rise, and neither increased run‐off nor soil erosion. It is

possible that the presence of a large amount of ash and pine‐needles

mitigated soil erosion immediately after the fire (Cerdà & Doerr 2008).

Nevertheless, in the study area, the post fire rainfall regime was not

characterized by heavy rainfall (summer period) that could exacerbate

soil erosion. Moreover, the area affected by the fire presents a rather

flat topography (with the exception of the crest dune) without signif-

icant slope that can facilitate run‐off and intensify water erosion pro-

cesses after vegetation removal.

The geochemical results related to the two auger hole campaigns

(2008 and 2013) are presented in Figure 8 (refer to Figure 1b for loca-

tion), along with regional average values of rainwater measured by

Cortecci, Dinelli, and Mussi (2008) and seawater and drainage water

collected in the study area and used as end‐members.

Water major element composition from pre‐fire auger holes

(BF 2008 and SBF 2008) belongs to the Na–Cl group, close to both

seawater and drainage water end‐members. In the pre‐fire condition,

the majority of shallow groundwater samples have a composition fall-

ing on the seawater mixing line (from brackish to salt waters). Among

them, three samples collected in the inner part of the forest (t13, t19,

and t20 in Figure 1b) deviate downward to Ca–Cl composition. This

downward trend indicates the intrusion of saline water into freshwa-

ter (salinization process) as the dominant process in the system

(Stuyfzand, 2008). Base‐exchange reactions occurred in the inner por-

tion of the pine forest, where dominant marine cations (mainly Na)

could be absorbed in the matrix and fresh cations (such as Ca) could

move to solution, as discussed in Capaccioni, Didero, Paletta, and

Didero (2005). The cation exchange process, which is a common pro-

cess during saltwater intrusion in coastal aquifers in the presence of

exchangers (Andersen, Nyvang, Jakobsen, & Postma, 2005) explains

the relative Ca2+ excess and Na+ depletion in these water samples

(Giambastiani, Colombani, Mastrocicco, & Fidelibus, 2013). Mollema

et al. (2013b) observed the same salinization trend along a wide

portion of the Ravenna coastal aquifer, where freshwater types

(Ca–HCO3) were recognized only below the active coastal dune. Only

auger hole “t10,” located at the edge between pine forest and active

dunes, shows sea and rainwater mixed composition, falling on conser-

vative mixing line (dotted line in Figure 8).

Almost all samples from the post‐fire auger hole campaign are sit-

uated near the rainwater end‐member, with dominant Ca–HCO3 com-

position, indicating important surface infiltration and mixing of

rainwater with shallow groundwater. High concentration of Ca2+, in

fact, is typical of freshwater indicating infiltration of rainfall through

the vadose zone enriched in carbonate, which are abundant in this

aquifer (Cozzolino et al., 2017; Giambastiani et al., 2013; Mollema,

Antonellini, Dinelli, et al., 2013b). The change in forest cover, as con-

sequence of fire, left wide portions of palaeo‐coastal dune covered

only by bare sand or patchy grass and directly exposed to rainfall

infiltration. In a recent study conducted on the Adriatic coastal dunes,

Cozzolino et al. (2017) indicated land cover type and distance from the

drainage ditches as two of the main factors controlling freshwater

availability and thickness of freshwater lenses in this coastal aquifer.

In Cozzolino et al.'s (2017) work, thin Ca–HCO3 freshwater lenses

are related to dunes with bare land cover.

Among post‐fire water samples, no sample shows mixing compo-

sition of sea and rainwater, and only one sample, from a depression in

SBF (auger hole SBF5), reveals Na–Cl composition.

3.1 | Pine forest management

Despite their anthropogenic origin, the coastal pine forests in the

Italian NE Adriatic regions assume a relevant role as both biodiversity

hot spots and ecological corridors. For these reasons, the current man-

agement of the Ramazzotti pine forest tries to achieve a multitude of

goals: to improve the mechanical stability and ecological forest condi-

tions, restore relevant coastal habitats, protect native fauna, and

defend forest from marine ingression and salinization in a contest of

high tourist relevance.

Management strategies can be divided in two categories:

1. Keep natural forest‐dynamism—do not operate (DNO);

2. Interventions for renaturalization of pine forests encouraging

gradual introduction of natural renewal of native species through

the decrease of pine density and thinning interventions to reduce

pine canopy cover.

The DNO strategy can be effective where the environmental

conditions are stable. If changes due to marine ingression and soil

and groundwater salinization are limited, pine forest has a long

period of natural unconstrained evolution. On the contrary, an

intense pinewood‐thinning intervention can be conducted to encour-

age native species and limit pine growth. As reported by Yesertener

(2005), water table level rise can result from bush fire but also clear-

ing and thinning of trees, which induces positive effects on ground-

water recharge. It has been modelled and proven (Vogwill et al.,

2008) that thinning/clear felling of pines and conversion to low den-

sity native vegetation result into a locally increased groundwater

recharge and storage, even in the case of medium‐term dry climate

scenario (IPCC, 2013). This could be particularly important with

reference to future climate changes, and foreseen increase in tem-

perature (IPCC, 2013), and with reference to the significant extent

of coastal pine forests (about 2300 ha) along the entire Ravenna

coastline.

In the study forest, the DNO strategy was widely applied before

the 2012 fire. After the fire, a deep change in management strategy

took place, and an intense pinewood‐thinning intervention was con-

ducted. The renaturalization interventions have shown positive effects

both on groundwater quality and quantity, thus representing adaptive

management strategy during fast changing phases.

Local stakeholders are now accepting that the position of this

coastal forest needs to be reconsidered due to the high rate of coastal

erosion and subsidence in the area.
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In a medium‐long period management perspective (>10 years),

increasing soil and groundwater salinity levels will lead to decline or

disappearance of pine forest and many species typical of freshwater

habitats. In this new vision, native dune herbaceous species and bush

vegetation need to be preserved along the remaining coastal dune

belts, which are the only physical barriers to protect the inland from

marine ingression and washover events. In our case, the forest fire

and the current erosion rates affecting the area (Scarelli et al., 2017)

have generated the conditions for an inland retreat of the forest leav-

ing more space for coastal dunes. The forest renaturalization, by

encouraging gradual natural renewal of native species, will create

dynamic conditions and formation of different transition habitat types,

counteracting the loss of biodiversity occurred by the fire. In this new

management perspective, the inner forest will have highest topo-

graphic areas (palaeo‐dunes) covered by groups of arboreal (Pinus

spp., Quercus ilex) and shrub species (Hippophae rhamnoides, Juniperus

communis, Phyllirea angustifolia), whereas the lowest topographic areas

(flooded dune slacks) will be characterized by shallow water table and

halophilic vegetation, able to adapt to high salt concentration during

winter storm and washover events. Vegetation community in lentic

ponds and occasionally in dune slacks probably will evolve in brackish

wetlands mostly with halophytes or salt‐tolerant species (community

of Juncus acutus and Juncus littoralis and especially the communities

of Tripolium pannonicum and Spartina anglica, occurring in saline

habitats).

Most of the dunes along the Ravenna coast are confined and bor-

dered by pine forests that limit their natural dynamic (Cozzolino et al.,

2017). The perspective of leaving more space for dune natural evolu-

tion will permit to develop a wide buffer zone able to counteract and

limit storm negative effects (soft engineering intervention; Nordstrom,

Armaroli, Jacksin, & Ciavola, 2015). Moreover, wide coastal dune belt

covered by native herbaceous and shrubby vegetation succession

(Sburlino, Buffa, Filesi, Gamper, & Ghirelli, 2013) will also guarantee

wide basin for infiltration and aquifer recharge (Antonellini et al.,

2008). In a long‐term perspective (around 50 years), when the last

remaining dune system will be eroded, forest management will depend

on the new position of the coastline and erosion rate.

Other possible management solutions that aim to improve

groundwater quality and quantity in the study coastal aquifer have

been recently investigated, such as coastal dune recovery and restora-

tion (Cozzolino et al., 2017), infiltration ditch (Vandenbohede et al.,

2014; Greggio et al., 2017 under review), but none of them take into

consideration interventions of renaturalization of pine coastal forests

and the effects on groundwater.

4 | CONCLUSIONS

This work provides an example of how forest fire can positively affect

groundwater resources quantity and quality in lowland coastal aqui-

fers where forests grow on top of unconfined aquifers. Pre‐fire and

post‐fire groundwater quality and level were monitored in the coastal

pine forest of Ravenna (NE Italy) to highlight fire effects on groundwa-

ter salinization and recharge rates in a sandy aquifer affected by salt-

water intrusion. In the study area, the complete removal of forest

cover, due to a fire in 2012, caused a decrease in shallow groundwater

salinity along with an increase in water table level, recharge rates, and

freshwater lens thickness for the 4 years following the fire, compared

with the pre‐fire situation.

Although the fire had a positive effect in our case, each situation

is specific and needs to be monitored and evaluated in terms of post‐

fire climate conditions, as well as soil type, plant species, soil moisture,

etc. In order to define the hydrological effects of forest fire for water

catchment purposes, it is necessary to monitor and follow the com-

plete recovery of the vegetation in the years following the event,

because regenerating vegetation may cause a bigger water uptake

decreasing or nullifying the initial positive effects on freshwater

availability (increase in freshwater lens thickness) and groundwater

salinization.

A positive coastal zone management development is that stake-

holders now accept that the forest position needs to be reconsidered

and the native dune herbaceous vegetation should be promoted, a

paradigm shift from mere conservation to active restoration.
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DISCUSSION 

 

In Italy, first nature’s protection legislation concerned natural landscapes and monuments. At first, 
establish of protected areas was linked to satisfy beautiful landscapes conservation needs and hunting 
estates (L. n. 778/1922; L. n. 1497/1939). Subsequently, were introduced constrains regarding 
hydrogeological protection to safeguard unstable mountain slopes by excessive forest cuts by large 
part of national population engaged in agricultural activity (L. n. 3267/1923). Only with the advent 
of environmentalism feel, regulation concerned landscape protection as a whole was introduced (L. 
431/1985) together the established of a first system of protected areas (L. 394/1991). More recently, 
local concept was exceeded by a web protection level (Nature 2000 sites, Dir. 1992/43/CEE and 
2009/147/CEE). 
Thus, historic dynamic of national reference legislation has been strictly linked to national historic, 
socio-economic and cultural contest in which has been issued and developed. Similarly, planning and 
management choices in protected areas express a cultural process which aims to keep in good 
conservation conditions habitats and species respect changes in environmental matrix. The drafting 
of management documents develops over time, based on current legislation and available techniques 
to achieve management goals of that time. 
Starting from the 70s of the last century the common feeling it was believed that it was sufficient to 
subtract some portions of the territory in the presence of man so that they would be preserved 
indefinitely. 
In general, the conservation of Biodiversity and the environment was not considered necessary at the 
time. After a phase during which only some individual species have been identified as worthy of legal 
protection, today biodiversity as a whole is considered at risk and therefore in need of protection 
interventions. 
Like other human activities, nowadays conservation activities are considered necessary. Questions 
about how to manage the world’s ecosystems remain urgent, especially in light of growing concerns 
about human land-use pressures and global climate change (Batavia and Nelson, 2016; Berkes and 
Folke, 1998; Ludwig, 2001). In fact, the magnitude and rate of the changes taking place impose the 
need to manage the protected natural areas in parallel with the escalation of the management problems 
and the negative interferences that must be highlighted on the protected environment. 
Management process is finalized: natural resource management aspires to achieve ecosystem health. 
If ecosystems carry out their task efficiently, environment is able to support human well-being with 
a number of goods and services. These goods and services are named as ecosystem services (hereafter 
ESs) (MA, 2005). Environmental processes get their value by the benefit people obtain from it 
(Lautenbach et al., 2011; Diaz et al., 2006). 
During historic time, changes due for economic, social, demographic and technological reasons are 
occurred. Since always, anthropization have altered Delta Po species and habitats, ecosystems and 
landscapes, for hunting, fishing, reclamation and agriculture. In general, land use changes are seen to 
be the most important driving force with serious impacts on biodiversity and ecosystem services (MA, 
2005). ESs are strictly linked with landscape history.  In dynamic landscapes ESs too evolve over 
time by myriad processes which link nature to society. 
Generally human activities follow forward coasts in progress phases (see Schwartz, 2018). When 
human society recognized SEs like a benefit, this one became an opportunity to seize like 
establishment of protected areas, implant of pinewoods, shellfish farming and so on. 
Ecosystems are subject to natural fluctuations and trends, which can alter their functionality and their 
capacity to support ecosystem services. As well as the environment changes, SEs too change over 



 

 

time. The consequences in the changes of key ESs have not been adequately considered so far (Bürgi 
et. al., 2015). Both environmental and ESs modification rates create opportunities for the human 
socio-economic context and the rapidity of the planning process do not follow a linear and constant 
trend over time. Temporal dynamics of ESs must be considered with interest at management level 
too. Anticipation of ESs changes is an important tool to guide governance respect environmental 
changes (Geneletti, 2013; Price et al., 2012). 
For inference on future ESs is valuable an analysis on past management instruments. An historical 
analysis on past management criteria in the study area is reported in the tabs below,  based on 
respective management plans (AA.VV., 1984; A.S.F.D., 1960; Benini, 1931; Cantiani et al., 2008; 
Longhi, 1969; Patrone, 1948; Zangheri, 1936). 
 

 

Tab. 1a - Historic dynamic of management and ESs  
 

Beaches and 

coastal dunes 

     

1900 1930 1950 1970 1980 ϮϬϬϬ ……….. 

Socio-economic 

contest and 

functions expec-

tations  

Marine relics, 

unproductive 

and unculti-

vated areas, 

forestation for 

agricolture 

protection and 

provide work 

opportunity 

 

Gradual increase 

of  aesthetic func-

tions, 

first tourist inter-

est in front of 

country,  

bathers  

well-being  

Enhance tourist attractions, fast 

increase of touristic value and 

related structures (balnear es-

tablishments,  

campings, hotels),  

build new housing settlement, 

natural protected areas esta-

blishment 

High economic interest for tourism,  

Biodiversity conservation in protected areas, 

ecological corridor, recognized erosion protec-

tion and protection respect salinity enhance in 

water table, increase in environmental sensitiv-

ity, conscious tourism  

ESs 

realized 
regulation regulation 

 

regulation, 

 

regulation, cultural 

ESs  

recognized 
- 

cultural (aesthe-

tics)  

provision, cultural, (recreational 

tourism), 

regulating, provision,  cultural (recreational and 

educational tourism)  

Management in-

terventions 
Progessive use 

Strong enhance in uses linked 

on tourism 

Clear distinctions between touristic and pro-

tected areas, protection and monitoring biodi-

versity in protected areas, sand dunes restora-

tion, nourishments, regulating access to pro-

tect nesting period  

 

 

Normative 
 ϭ9Ϭϱ ͞Raǀa’s laǁ͟  L. 431/1985 EU ͞Habitat͟ Dir.92/43 CE 

                            L. n. 1497/1939 beautiful landscapes conservation         L. 394/1991  

 

Tab. 1b 

Coastal pin-

ewoods 

 

 

 

1900 1930 1950 1960 1970 ϮϬϬϬ ………… 

Socio-eco-

nomic contest 

and functions 

expectations  

Protect agriculture and 

behind reclamation 

lands from marine spray, 

soil preparative for for-

estation, 

provide work oppor-

tunity for locals, 

replace historic Ra-

ǀenna’s pineǁoods  

Increase in products 

provisioning (pine 

nuts and timber), 

landscaping and aes-

thetics, pinewood is a 

collective good with 

economic value which 

provide work 

Enhance tourist attractions, natural 

protected areas establishment, de-

crease production expectations and 

increase in environmental sensitiv-

ity, pinewood indirectly increase 

tourism attractiveness as well-be-

ing for people 

Biodiversity conservation, place 

of touristic attractiveness, eco-

logical corridor increase in sen-

sitivity for biodiversity conser-

vation 

ESs 

realized 

Cultural (aesthetic), re-

gulating 

Cultural (aesthetic), 

regulating, provision 

(products) 

 

Cultural (aesthetic), regulating, pro-

vision (indirect) 

 

cultural (aesthetic and educa-

tional), regulating, provision (in-

direst) 

  

ESs  

recognized 
Cultural (aesthetic) 

Provision (products), 

cultural (aesthetic) 

Provision (indirect), cultural (aes-

thetic and educational), regulating 

cultural (aesthetic and educa-

tional), regulating 

Management 

interventions 
Planting, treatments, thinnings Thinnings, decidous implant 

Release dead wood, 

monitoring biodiversity 

 



 

 

Tab. 1c 

Lagoons 
 

1900 1930 1950 1970 1980 ϮϬϬϬ …………… 

Socio-eco-

nomic con-

test and 

functions 

expecta-

tions  

Subsistence economy (hunting, fish-

ing); reclamation in favor of agricul-

ture Areas of expansion of the tides 

used for extensive fish farming 

 

Increase in the functions of tourist attractive-

ness, establishment of protected areas in natu-

ral areas; clame farming increase; Increase in 

production activity; transition between tradi-

tional economy and intensive production activi-

ties; attention is paid to aspects of environmen-

tal conservation 

 

Conservation of biodiversity in pro-

tected areas; strong tourist vocation; 

shellfish-intensive culture; high eco-

nomic interest (shellfish farming) and 

increase in environmental sensitivity 

and for the conservation of biodiver-

sity; conscious tourism 

 

ESs 

realized 

 

Provisioning, regulating 

 

Provisioning, regulating Provisioning, regulating, cultural 

ESs  

ricognized 
Provisioning Provisioning, cultural (birdwatching) 

Provisioning, regulating, cultural 

(tourism, educational, habitat conser-

vation, birdwatching) 

Manage-

ment inter-

ventions 

Reclamations 

Hydraulic circulation is favored in favor of inten-

sive shellfish farming 

 

Recognition of importance for territo-

rial protection; protection and moni-

toring of biodiversity in protected ar-

eas; environmental restoration; ac-

cess regulation 

 

 

 

 

Normative 
 ϭ9Ϭϱ ͞Raǀa’s laǁ͟  L. 431/1985 EU ͞Habitat͟ Dir.9Ϯ/ϰϯ CE 

                            L. n. 1497/1939 beautiful landscapes conservation         L. 394/1991  

 

 

Tab. 1d 

BOSCO DELLA 

MESOLA 

 

1900 1930 1950 1970 1980 ϮϬϬϬ ……….. 

Socio-economic 

contest and 

functions ex-

pectations  

Productive functions (hunting, timber, pasture, 

mushrooms) 

Increase in the functions of tourist attrac-

tiveness; decrease productive functions 

Biodiversity conservation; 

tourism attraction; 

local loss of centrality of the 

forest; sensitivity of a few for 

the conservation of biodiver-

sity; attention to habitat con-

servation 

 

provide work opportunity for locals;  the forest is a collective 

good that produces goods and labor 

environmental sensitivity 

born, increase in the func-

tions of tourist attractive-

ness, establishment of pro-

tected areas; expectations 

in tourism attraction  

ESs 

realized 

Cultural, provisioning (hunting, timber, pasture, mushrooms 

funghi), regulating 

Cultural, tourism, provision-

ing (timber ), aesthetic, reg-

ulating 

Cultural, conscious tourism, 

provisioning (timber ), aes-

thetic, educational, regulat-

ing 

ESs  

recognized 
Provisioning (hunting, timber, pasture) 

Provisioning (timber), ae-

sthetic, tourism,  

Provisioning (timber), aes-

thetic, conscious tourism 

Management 

interventions 
coppicing High forest start 

Release dead wood, 

monitoring biodiversity; con-

trast to the alien species (fal-

low deer); microhabitat crea-

tion; envisage again coppice 

 

 

Millennium Ecosystem Assessment (MA, 2005) make prominent the idea that human well-being de-
pends on ecosystems, and that such linkages can be tracked and framed through the notion of ecosys-
tem services. The Common International Classification for Ecosystem Services (CICES), proposed 
by the European Environment Agency, is based on and influenced by the cascade framework proposed 
by Haines-Young & Potschinin 2010 (Haines-Young and Potschin, 2010; Potschin and Haines-Young, 
2016). The cascade framework links natural systems to elements of human well-being, following a 
pattern similar to a production chain: from ecological structures and processes generated by ecosys-
tems, to the services and benefits eventually derived by humans. The advantage of this framework is 
to effectively communicate societal dependence on ecosystems (La Notte et al., 2017). 
Clearly is an anthropocentric concept: ESs contains an utilitarian approach since late 1970 (Gόmez-
Baggethun et al., 2010): without a benefit there is no service. The concept of ecosystem services put 



 

 

in relation ecology and economy. In some cases, benefits are tangible natural resources derived from 
provisioning or some regulating services. Benefits, however, can also be intangible (opportunities) 
(La Notte et al., 2017). Over time, ESs produce for society occasions and opportunities offered by 
nature in terms of provisioning, regulating, supporting and cultural goods.  
While regulating ESs operate independently of being recognized by people, provisioning and cultural 
services need a specific demand to exist (Bürgi et. al., 2015). 
At present whole Emilia-Romagna cost line except only three places is subjected to marine erosion 
(Aguzzi et al., 2016).  
To know if the ESs carried out by coastal habitats with respect to the problems of erosion and 
subsidence are now recognized (and therefore required), an interview was addressed to technicians 
and public administrators of environmental management, as well as freelancers, voluntary ecological 
guards, tour operators, teachers with an interest in the management of the area (N = 49). 
Among the key macro-environments considered (beaches and dunes, lagoons and brackish wetlands, 
wooded areas) the most relative importance value for the functions performed was attributed to the 
beach and dune systems in all residual protected natural areas along the coast of Emilia-Romagna: 1) 
Sacca di Goro and Bosco della Mesola; 2) Sacca di Bellocchio and the Valleys of Comacchio behind; 
3) coastal pine forests and Pialasse of Ravenna; 4) mouth of the Bevano river, Ortazzo-Ortazino and 
Pineta di Classe. In the Ravenna area, where the beach environment has been distinguished from the 
dune, the latter has been identified as the most important. Likewise, coastal brackish wetlands were 
considered priority except in the Ravenna area. The lowest values of importance have been attributed 
to productive environments or more distant from the coast (Sacca di Goro, private fishing valleys in 
the area of Bellocchio, Pialasse ravennati). The innermost areas obtained an intermediate score only 
when very representative (Bosco della Mesola, Valli di Comacchio).  
At the level of territorial management, tab. 2 shows the relative importance values attributed to each 
macro-habitat relative to the capacity to: 1) conservation of Biodiversity; 2) more at risk for the effects 
of climate changes; 3) support traditional economic activities; 4) to transmit cultural value; 5) have 
greater need for investments to be managed/conserved and 6) resist environmental changes (erosion 
and subsidence. 

 

 

Tab. 2 Values attributed to macro-habitats considered respect some aspects of management importance  

[N = 49] 

 

  

Forests- 

pinewoods 

Lagoons-

wetlands 

Beaches-

dunes 

Conservation of coastal Biodiversity 4 22 22 

More threatened by climate changes 5 9 31 

Support to traditional economy 8 29 12 

Cultural value 11 26 9 

It needs more funds to be managed 8 17 23 

Resistance to modifications 32 13 2 

 

 

 

 

 

 

 



 

 

 

Tab. 3 Adaptation to environmental changes in the 4 coastal natural areas considered in the E-R Region. 

 

Area Key macro-habitat 
 

protection and 

adaptation 

interventions 

Goro lagoon 

Scanno/dunes; brushes in wooden 
poles to intercept 
sediments and trig-
ger the formation of 
new benches, dredg-
ing of the seat-
minds to keep the 
main lagoon mouth 
open, cutting of the 
bench 

productive lagoon 

 

Improvement of hy-
draulic circulation 
and nourishment of 
fishing supplies 

Reeds/salt marshes 

 

Habitat restoration 

Mesola Forest Conservation, vege-
tation adaptation 

Bellocchio 

Beach/dunes; experimental resto-
ration 

Salicornia bed - 
Private fish farm hydraulic mainte-

nance, embankment 
strengthening 

Comacchio val-
ley/infrastructure 

Improvement of hy-
draulic circulation, 
embankment con-
struction 

Ravenna 

Beach nourishments 

dunes Restoration and 
renaturation 

Coastal pinewood Adaptation/conser-
vation 

Pialassa (lagoon) Creation of new 
sandy embankments 

Bevano 

Beach/dunes; Nourishments, ex-
perimental restora-
tion 

Coastal pinewood Adaptation/conser-
vation 

Brackish wetland - 
Historic pineforest Adaptation/conser-

vation 

 

Defense and adaptation interventions (Aguzzi et al., 2016) were carried out in all the areas considered 
(tab. 3), with methods increasingly respectful of the coastal dynamics of the sediments (nourishment, 
realization of filtering brushes in wooden poles, naturalistic/experimental reconstitution of the dunes). 
Therefore, the good news is that adaptation has already begun. Among technicians, the awareness of 
the changes taking place, the need to protect or reconstitute certain environments already exists, for 
the functions they perform. 
Like any management action, adaptation interventions have direct and indirect effects on biodiversity. 
The theme is therefore central: is it Biodiversity considered a value in itself to protect? Is the 
recognition of the importance of Biodiversity in itself capable of initiating and/or promoting activities 
for its long-term conservation? 



 

 

Exactly like ESs, biodiversity is now widely used among scientists and policy makers to highlight its 
importance in sustaining human livelihoods (Convention on Biological Diversity, 2010; Maes et al., 
2016).  
In nature conservation, economic valuation of biodiversity and ecosystem services is an essential 
element for making conservation efforts financially sustainable, as it stimulates the perceived need 
for investing in conservation, be it through the establishment and management of protected areas 
(Costanza et al., 1997; Mertz et al., 2007). 
Moreover, it is now widely recognized that nature conservation and related management strategies 
do not necessarily pose a trade-off between the “environment” and “development”, but rather that 
investments in conservation, restoration and sustainable ecosystem use generate substantial 
ecological, social and economic benefits (Gantioler et al., 2010; Spangenberg and Settele, 2010).  
A useful tool for the calculation of the economic effects (expenditures) of landscape management is 
economic valuation (Sejak et al., 2010; Spangenberg and Settele, 2010), i.e., the amount that society 
is ready to pay for the maintenance and restoration of valuable ecosystems and species (the 
“willingness-to-pay” approach).   
For example, among those interviewed by us, those who think that the main goal of protected areas 
should be conservation is willing to pay more than those who think that the main use should be 
tourism and/or other functions. Moreover, the willingness to pay is directed more towards the 
conservation of habitats for the species compared to other Services. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another good news is therefore that there seems to be a widespread sensitivity towards the importance 
of biodiversity conservation. 
Indeed, MA (2005) emphasizes the linkages between ecosystems and human well-being, it recognizes 
the intrinsic value of species and ecosystems. Intrinsic value is the value of something in and for 
itself, irrespective of its utility for someone else.  
On the one hand, biodiversity is an ecosystem property, and is a prerequisite for various ecosystem 
services. On the other hand, biodiversity can be the result of ecosystem services. Species diversity 
influences ecosystem properties and functioning, and vice versa.     
In the first vision, biodiversity plays its regulatory role and it can be classified as a regulation service 
(Bastian, 2013), even without an actual request from the society. The existing biodiversity can also 
provide material (provisioning) or immaterial (cultural) services. Management activities are finalized 
to preserve existing biodiversity. 
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With the latter, an optimal environmental management maintain the capacity or the service to have 
suitable living conditions for plants and animals. Biodiversity is the goal to be achieved, as a benefit 
to be preserved and as a value to be obtained in perspective. There is a request for biodiversity from 
the current human society. With this new approach, a recognized service is pursued similarly like 
provisioning and cultural services: the request arises to conserve or encourage biodiversity because 
in this way there is still a material (provisioning or regulating services) or immaterial (cultural) 
advantage for society. When human society recognizes the importance of biodiversity, another vision 
acquire interest at a management level: if there is no biodiversity there is no benefit. 
In fact, genetic resources represent an exception among provisioning services, since we consider them 
as information. While regulating services are based on interactions among biotic and abiotic elements 
of the ecosystems, cultural services derive from information. This information might influence 
humans, for example triggering nature conservation (La Notte et al., 2017). 
In the cascade framework that constitutes the theoretical background of CICES, the value of the 
ecological system is intrinsic, and the approach is holistic, bio-centric and positivist. The ecosystem 
services narrative is part of the human system whose value is utilitarian, and its approach reductionist 
and human-centered (La Notte et al., 2017). 
On a management level, the difference lies in the duration of the time of application of the measures 
or  temporal scope and effectiveness of the management interventions: to conserve or favor in the 
short term, but if the environmental matrix is subject to profound and rapid modifications, 
conservation loses effectiveness and it is necessary to look more distant. Both management 
opportunities must be maintained but only the second vision allows you to project ourself sufficiently 
ahead, thinking, planning and finally creating the opportunity for future biodiversity. 
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In reality, the conservation of endangered species is a problem that does not have a definitive solution, 
on the contrary, there will likely never be a final resolution (Ludwig, 2001).  
The approaches to the conservation of the individual threatened species can be different and take into 
account the contribution that the species provide to the functioning of an ecosystem, to the genetic 
heritage they represent - which can guarantee adaptation to the changes taking place - or try to protect 
the hotspots of biodiversity so that as many species as possible can be safeguarded (see Nijhuis, 
2102). 
All species would have equal dignity to be preserved, but management costs spent to maintain an 
ecosystem or a population of wild plants or animals cannot be equated with the value they represent, 
or with the value of ecosystem services they provide.  Moreover it is not possible to predict the effects 
that the loss of a single species or a population and/or ecosystem service might have. 
Obviously, the precautionary approach is required, and ecosystems should be maintained intact as far 
as possible, to ensure continued service provision in the face of changing environmental conditions 
and biotic interactions, even if there is presently insufficient supporting scientific evidence (Bastian, 
2013; Cooney and Dickson, 2005). 
In Natura 2000 sites, management organisms are obliged to establish conservation measures 
necessary to maintain the habitat types and species in a favorable conservation status.  
In order to be and represent a success, management must be financed. These measures are often 
expensive therefore, in parallel, the PAF (priority activities framework) must be drawn up to prioritize 
the financial resources that are necessarily "finished". 
The allocation of financial resources to be allocated to management programs is therefore a critical 
aspect when making priority choices (Joseph et al., 2009). This assessment has in fact 
technical/scientific, normative but also cultural bases. 
In the PAF of the Emilia-Romagna Region period 2104 - 2020 for the management of the Natura 
2000 network, for example, the term "subsidence" is never mentioned. There seems to be a gap 
between the different disciplines involved (biological, geological, engineering) and the future 
scenarios available which expect a drastic modification for 2100 (Antonioli et al., 2017; Perini et al., 
2017). 
“Historically, a pattern of co-evolutionary adaptations between social systems and natural systems 
must have been the norm, with the adaptations in many cases driven by crises, learning and redesign.. 
. . For this reason, ancient cultural practices of resource use are more than anthropological curiosities; 
they are part of humanity’s wealth of adaptations that can serve the contemporary world as well.” 
(Holling et al., 1998; Ludwig, 2001).  
In species and habitats conservation, the approach follows a similar and repetitive pattern. Initially, 
specialists and researchers highlight the problem [crisis recognition]. Legal regulations follows, with 
a general and local application. The subsequent management phase must take into account the limits 
of applicability (for example technical, economic) [learning phase].  
However, in highly dynamic environments, management interventions do not always achieve the set 
objectives, in particular in a long-term perspective [necessity of redesign].  
Historically, the cultural and socio-economic context produces the initial intentions of protection and 
management. These management perspectives change over time together with environmental 
conditions. Human society make governance choices in an adaptive way, by selecting some natural 
processes (Ecosystem services) which produce benefits for man in a given historical phase (see Smail, 
2017). 
Some examples can be made referring to management activities aimed at the conservation of habitats 
and species. The case of the dunes has already been illustrated in tab. 1a. After an initial phase in 
which they were considered unproductive "wrecks" abandoned by the sea, in the early twentieth 
century they were leveled to make room for the coastal pine forest in front of Ravenna coast. As the 



 

 

sea erosion and tourism development of the area progressed, the dunes were protected by laws and 
regulations starting from the first 80s. The current experimental restoration phase is however not 
effective to guarantee a healthy dune system if the main conditions, availability of sediment and 
sufficient distance from the sea are lacking. 
Some other similar cases are shown in the table below. 
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The previous cases show that there is no overall vision that leads to an effective redesign phase except 
for Mesola Deer. 
Even  some of the interventions carried out in the study area in the last twenty years as LIFE projects 
represent the attempt to adapt to a crisis situation. The crisis is already recognized when the project 
is applied. The actions carried out represent the subsequent experimentation and learning phase. Only 
in the case of LIFE “AGREE” – on long period lagoon management – an early redesign stage can be 
seen. 
 

 

 

Governance  
 

In habitats ongoing in rapid compromise, initially it is necessary to accept the management costs to 
continuous adaptation to changing conditions. However, long period conservation is not possible 
(technically, economically) only by relying on limited band-aid solutions. 
For this reason, actions such as the incorporation of nonmarket values in ecosystem management 
process is a particularly important option (Costanza et al., 2014). 
Cultural recognition of intrinsic value of Biodiversity like a benefit for human society is the first step 
to force long-term governance decisions address towards regulating and cultural services respect 
short-term provisioning services. 
Therefore, economic valuation is not the adequate method for determining the goals or priorities of 
conservation policies (Bastian, 2013).  
Where socio-economic background is active, like in Sacca di Goro, society seize the opportunities 
with a fast adaptive process finalized in a short term period advantage.  
The excavation activity to promote hydraulic circulation in the Sacca di Goro for the benefit of 
intensive economic activities carried out locally (shellfish farming), is an opportunity to have 



 

 

adequate quantities of sediment to be used to rebuild transition habitats (salt marshes, reeds ) lost due 
to the progress of the effects of marine erosion and subsidence (LIFE “AGREE”). This is in the event 
of future availability of sediments, assuming that it will be able to dispose of substantial contributions 
of fresh water from the nearby delta branches. 
Where fast marine erosion is active, like along the rest of the regional coast, and provisioning services 
are scarce, a long period vision delay coming. Cultural and regulating services, provide from 
transitional habitats biodiversity in the form of benefits are difficult to be recognized by society 
without a clear vision of immediate advantage.  
The environmental area in front of the city of Ravenna will probably be protected with rigid defenses 
and conspicuous continuous nourishment. In this situation the defense of the dune will be considered 
as a priority compared to the defense of the beach, at the expense of the coastal pine forest. 
Bellocchio and Bevano areas, on the other hand, are both rapidly eroding, also due to the particularly 
high subsidence rate and for the stiffening of the coastlines located immediately south of these areas. 
The rigid defense must be positioned further inland and the opportunity to create brackish lagoons to 
contain weather and sea phenomena will prevail at the expense of agricultural land in its time deriving 
from various reclamation phases.  
It is necessary to fully integrate geosites into the planning documents of protected areas as a part of 
an ecosystem approach. The ecosystem approach recognizes the integrity of abiotic and biotic 
elements in nature conservation policies (Peña et al., 2017). 
It is therefore to be considered desirable to start a governance phase based on a broader approach 
(temporal, spatial and cultural) which tends to create the conditions within which biodiversity can 
express itself in all its forms (genetics, specific, habitat) outside the boundaries of current protected 
areas affecting large territories that would still be invaded by the waters  (see Nagendra, 2008). 
 

 

 

 

CONCLUSIONS 

According MA (2005) “Some climate change is inevitable, and ecosystems and human societies will 
need to adapt to new conditions. Human populations will face the risk of damage from climate change, 
some of which may be countered with current coping systems; others may need radically new 
behaviors. Climate change needs to be factored into current development plans.[…] Most of the direct 
drivers of change in ecosystems and biodiversity currently remain constant or are growing in intensity 
in most ecosystems. […] By the end of the century, climate change and its impacts may be the 
dominant direct drivers of biodiversity loss and the change in ecosystem services globally.” And also 
“An effective set of responses to ensure the sustainable management of ecosystems requires 
substantial changes in institutions and governance, economic policies and incentives, social and 
behavior factors, technology, and knowledge”. 
As already known by technicians, it does not exist definitive solutions to long period management, 
and at Po river delta level a deep modification is expected. 
Already for some years, management policies area direct to adaptation strategies rather than trying to 
counter marinization of the area (Aguzzi et al., 2016). 
In the short period, management can be persecutes protecting and restoring habitats using traditional 
techniques. Beach nourishment, dune reconstitution, fresh water supply, reconstitution of 
transitional environments, fight against invasive species are all possibilities that can be used to favor 
adaptation to changed conditions. 
Important signs of a change in approach must be highlighted in recent years. In Sacca di Goro, the 
shellfish farmers have started to support privately the costs for the maintenance of the lagoon, 



 

 

dredging the sediments in the inlets and reusing them where it is needed for environmental 
restoration (LIFE "AGREE"). However, these are always interventions aimed at ensuring the clam 
farming activity. The possibility that these interventions are useful for the conservation of 
biodiversity is residual. The engine of intervention remains the economic one. 
It is therefore necessary to operate at a higher level of governance, able to identify future natural and 
socio-economic scenarios.  
I propose a framework in which ESs do not have a hierarchy of values. 
In the course of history and in different places, the SEs assume the relative value that society 
attributes them. Provisioning services prevail in the historical places and moments of stability or 
progression of the coastline.  

During periods of marine ingression it is necessary to favor regulating services and evaluate the 
historical dynamics of management SEs to target realistic management goals. In long-term 
governance, cultural services, understood as recognition of the need to safeguard the value of the 
protected good in themselves, are the only ones capable of directing and forcing planning policies.  
The radical change in biodiversity must be addressed by promoting habitat translocations and 
creating new natural environments, in particular large brackish transition wetlands, with the purpose 
of conservation, production and tourist attractiveness, properly designed and expertly managed, with 
a selective approach to the crisis that allows transfer current and traditional knowledge to tomorrow 

(see Diamond, 2019). 
This aspect of cultural attribution is initially the heritage of a few visionaries, subsequently it will be 
extended to the entire society. The perception of the advantages and opportunities offered by a new 
shared educational service should spread in society in a similar way to a cultural process. Therefore, 
ethic need to be institutionalized in the routine practice of natural resource management (Batavia and 
Nelson, 2016): create the ideal conditions for biodiversity to express itself as a priority goal. 
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