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together with increasing demands for water, food and energy; all of these factors intensify the exploita-
tion of natural resources. Many of the interrelations between ecosystem functioning and the provision
of ecosystem services (ES) still require quantification in estuarine systems. A conceptual framework to
assess such links in a spatially and temporally explicit manner is proposed and applied to the Mondego
Ecosystem services estuary (Portugal). This framework relies on three consecutive steps and discriminates among biodi-
Holistic approach versity structural components, ecosystem functioning and stability and the services provided by the
Estuaries ecosystem.

Disturbances in abiotic factors were found to have a direct effect on biodiversity, ecosystem functioning
and the provision of ES. The observed changes in the species composition of communities had a positive
effect on the ecosystem’s productivity and stability. Moreover, the observed changes in the estuarine
ES provision are likely to arise from changing structural and abiotic factors and in the present case
from the loss or decline of locally abundant species. This study also indicates that linear relationships
between biodiversity, ecosystem functioning and services provision are unlikely to occur in estuarine
systems. Instead, cumulative and complex relations are observed between factors on both temporal
and spatial scales. In this context, the results suggest several additional conclusions: (1) biodiversity
and ecosystem functioning interaction with human well-being need to be incorporated into decision-
making processes aimed at the conservative management of systems; (2) the institutional use of research
results must be part of the design and implementation of sustainable management activities; and (3)
more integrative tools/studies are required to account for the interactions of estuarine ecosystems with
surrounding socio-economic activities. Therefore, when performing integrated assessments of ecosystem
dynamics, it becomes essential to consider not only the effects of biodiversity and ecosystem functioning
on services provision but also the effects that human well-being and ES provision may have on estuarine
biodiversity and ecosystem functioning.

The proposed framework implies taking into account both the functional and the commodities
points of view upon natural ecosystems and by this representing a line of thought which will deserve
further research to explore more in detail the conceptual links between biodiversity—ecosystem
functioning-services provided.
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1. Introduction anthropogenic pressures have led to a growing loss of biodi-
versity and changes in the internal functioning of ecosystems,

Ecosystems deliver services of great value to human society reflected in the variation of benefits provided to human societies
(Pearce and Moran, 1994; Costanza et al., 1997; Daily, 1997; (Hooper et al., 2005). In 2005, the Millennium Ecosystem Assess-
Barbier et al., 2011; Burkhard et al., 2012). However, increasing ment (MEA, 2005) published the status of ecosystems and their
capacity to benefit humans, concluding that most of the world’s

wetlands have been destroyed or degraded during the 20th cen-
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for this assessment (MEA, 2003) was a simple conceptual guiding
principle:

biodiversity — ecosystem
vices — human well-being

functioning — ecosystem ser-

where each arrow represents a causal relationship (Naeem et al.,
2009) and where ecosystem services (hereafter ES) may be seen as
functions that ultimately benefit humans (Costanza et al., 1997;
Daily, 1997; Naeem et al., 2009). This framework relies on the
assumption that increased biodiversity augments, at least to a cer-
tain extent, ecosystem functioning, which improves ES and may
eventually improve human well-being, depending on the elements
involved. A number of studies have attempted to link explicitly or
implicitly the biological composition of ecosystems, given by bio-
diversity proxies, to the stability of ecosystem functioning (e.g.,
Remane, 1934; MacArthur, 1955; Odum, 1959; May, 1972; de
Jonge, 1974; Pimm, 1984; Ives et al., 1999; Loreau et al., 2001;
Balvaneraetal., 2006; Isbell et al., 2009; Godbold et al.,2011). These
studies assumed that such links may have a determinant role in ES
delivery (e.g., Costanza et al., 1997; Turner et al., 2003; Srivastava
and Vellend, 2005; Tilman et al., 2006; Diaz et al., 2007; Haines-
Young and Potschin, 2010). Typically, researchers have considered
that if ecosystem biodiversity could be linked with functioning then
it would follow that ES are directly related to human well-being
(Naeem et al., 2009).

Although most of the considerations of ES focus on the link
between ecological functions and human well-being, it is also
important to consider the prior link between biodiversity and
ecosystem functioning (Morling et al., 2010). Several studies have
tried to demonstrate the biodiversity role in ES provision (Mace and
Bateman, 2011), through: (1) biodiversity supports the delivery of
ES (Diaz et al., 2006), acting as insurance against change (increased
redundancy associated with higher diversity may buffer ecosys-
tems against change, contributing to higher system resilience)
(Ulanowicz, 1979; Hooper et al., 2005) and offering more options
for the future (Yachi and Loreau, 1999); (2) genetic and biological
species diversity may directly supply some goods, such as ani-
mal and plant breeds (MEA, 2003); and (3) many components of
biodiversity are valued by people for altruistic reasons (e.g., appre-
ciation of wildlife, contribution to spiritual or educational motifs
and recreational experiences), although biodiversity, per se, is not
considered to be a service by everyone (Haines-Young and Potschin,
2010). Thus, when addressing natural resources management, the
challenging issues are determining the nature and sensitivity of the
relationship between environmental quality/biodiversity assets
and the provision of services. Most of this discussion regards the
links between biodiversity assets and ecosystem functioning and
stability, which can be used as a proxy to the supporting services
classes from the MEA, or intermediate services. Several studies
have been conducted to address the relation between biodiver-
sity assets and ecosystem productivity and stability (e.g., Pimm,
1984; Schwartz et al., 2000; Loreau et al., 2001; Tilman et al., 2005;
Balvanera et al., 2006); nevertheless, the controversy persists.

To address these complex relations, the Convention for
Biological Diversity (2004) suggested the use of the ecosystem
approach (EA) to provide a clear integration into a holistic frame-
work of all services provided to people by biodiversity and
ecosystems. This approach defends an integration of the ecologi-
cal, economic, and socio-cultural perspectives when evaluating an
ecosystem (de Groot et al., 2002; Farber et al., 2002; MEA, 2005;
Carpenter et al., 2009), thus providing a methodological framework
for wetland management (de Jonge, 2007). In fact, ES clearly have
ecological and socio-economic aspects whose interdependencies
need to be clarified (Mace and Bateman, 2011) and described (de
Jonge et al., 2012). Therefore, it is crucial to understand the role

and effects of biodiversity in both an ecological as well as a socio-
ecological context (Carpenter et al., 2009). Despite the attempts to
identify the potential relationships between biodiversity and the
delivery of services, adequate quantitative data are not available
(Norris et al., 2010). Despite the few data there is some evidence
for aweak correlation between areas rich in biodiversity (according
to nature conservation designations) and those high in ES delivery
(Naidoo et al., 2008; Anderson et al., 2009). A study by Norris et al.
(2010) supports the idea that microorganisms, fungi and plants
play a major role in supporting and regulating services, whereas
vertebrates are more important for cultural services, described as
the ‘cute and cuddling’ services in de Jonge et al. (2012). Because
of the increasing pressures on natural resources, trade-offs among
services have to be verified. The general increase in provisioning
services over the past century has been achieved through decreases
in regulating and cultural services and in biodiversity (MEA, 2005;
Bennett and Balvanera, 2007; Carpenter et al., 2009). In this context,
it is essential that such trade-offs are recognised in future ecosys-
tem assessments (Carpenter et al., 2009). The suggestion to further
clarify the relations between habitats, food web functioning via
ecological network analysis (ENA) and the Driver-Pressure-State
Change-Impact-Response (DPSIR) approach as performed by de
Jonge et al. (2012) may be seen as a step in that direction.

Because of the complexity and integration of concepts and
methodologies, it is essential to clearly define the terms used in
the present work:

(a) Biodiversity is the variability among living organisms and their
habitats from all sources, including diversity within species,
between species and within entire ecosystems (Heywood,
1995). Because of data limitations in the present case, diver-
sity measures were used to estimate biodiversity (according to
Marques, 2001);

(b) Ecosystem functioning refers to all of the biogeochemical pro-
cesses occurring within an ecosystem, such as the cycling of
nutrients, matter or energy (Naeem, 1998);

(c) Ecological condition refers to the integrity of the ecosystem
(Jorgensen et al., 2010); in the present study, ecological con-
dition was expressed as the ecological quality status sensu the
European Union Water Framework Directive (EC, 2000);

(d) Stability is a collective notion defined by three properties (con-
stancy, resilience and persistence) (sensu Grimm and Wissel,
1997); in the present study, stability was expressed as temporal
stability (see Pinto et al., 2013a);

(e) Ecosystem services can be defined as the functions of ecosystems
having value for human welfare (Fisher et al., 2009). According
to the MEA (2005), ES can be classified into one of four cat-
egories: regulating (e.g., water purification); supporting (e.g.,
nutrient cycling); provisioning (e.g., food production); and cul-
tural (e.g., opportunities for recreation); and

(f) Human well-being can be defined as the human experiences that
include the basic materials for human lives, freedom of choice,
health, good social relations, a sense of ‘cultural identity’ and
security (MEA, 2005; Diaz et al., 2006).

The present work discusses the links between biodiversity prox-
ies and ecosystem functioning in estuarine ecosystems, the role
of macro-invertebrates in the provision of ES, and the use of ES
as a tool to address the exploitation and conservation of natural
resources. Therefore, the present work provides clues regarding
the changes in estuarine biodiversity that are expected to have
consequences for human well-being. In a first step, the effect of bio-
diversity assets on several ecosystem processes was analysed. In a
second step, the relation between those processes and the capacity
of the system to provide services (as a link to the socio-economic
system) was considered. Finally, recommendations based on this
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integration identified gaps in current knowledge of estuarine func-
tioning and future research needs. Five main objectives were
outlined under these three main research steps:

Step 1: Linking estuarine biodiversity to ecosystem functioning

1. To evaluate the performance of biodiversity structural proxies
(e.g., number of species) and their relationships to functional
indicators.

Step 2: Linking ecosystem functioning to services

1. To assess how measures of functional diversity (e.g., macroben-
thic productivity) perform under different ecological status
classifications;

2. Toexplore the relation between ecosystem functioning and estu-
arine stability; and

3. To analyse and understand the link between biodiversity proxies
and ES supply.

Step 3: Linking changes in services to human well-being

1. To estimate how the achieved knowledge on biodiversity and
ecosystem functioning can be used to improve ES provision and
consequently human well-being.

2. Methodology
2.1. Study site description and sampling protocol

The Mondego estuary is an intertidal warm-temperate ecosys-
tem consisting of a North and a South arms separated by Murraceira
Island (Fig. 1). The two arms of the estuary have very different
characteristics, constituting two distinct subsystems. The North
arm contains impoverished benthic communities as compared to
the South one. The North arm is relatively deep (5-10m during
high tide) and presents stronger tidal salinity changes (the freshwa-
ter flows mainly through this arm). The bottom sediments consist
mainly of medium to coarse sand. In addition, the North arm is the
principal navigation channel, supporting the harbour of Figueira
da Foz. Due to this function this channel is dredged regularly. The
South arm is shallow (2-4 m during high tide) and has a predom-
inantly sandy to muddy channel bed. Up to recently (2006) the
upstream communication with the North arm and the main river
course has been almost cut off by strong sedimentation of muddy
material. As a consequence, the water circulation in the South arm
was mainly dependent on the combination of tides and the fresh-
water inflow of a tributary, the Pranto River (Flindt et al., 1997;
Marques et al., 2003). The freshwater discharge there is artificially
controlled by a sluice. Almost 75% of the area of the South arm con-
sists of intertidal mudflats which exposed during low tide (Neto
et al., 2008).

In the early 1990s, when upstream communication between
the two arms was completely interrupted, the combined effects
of increased water residence time in the South arm (ca 9 days) and
increased nutrient concentrations led to seasonal blooms of Ulva
spp. along with a concomitant severe reduction of the Zostera noltii
meadows (Martins et al., 2001), which was previously the richest
habitat in terms of productivity and biodiversity (Marques et al.,
2003; Patricio et al., 2004). The entire Mondego estuary is under
permanent anthropogenic pressure, which drives its development
as an ecosystem (Marques et al., 2003; Pinto et al., 2010). First, the
surrounding area supports many economic activities, which vary
from extractive activities (e.g., agriculture and salt production) to
on-site activities (e.g., leisure and tourism). Patently, this panoply
of uses influences the ecological condition and performance of the

estuarine communities (Pinto et al., 2010). In addition, the system
also provides a wide range of ecosystem goods, such as the capture
of bivalves and fish.

Previous studies considering the estuarine salinity gradient and
subtidal soft-bottom characteristics described four distinct habitats
in the Mondego’s lower estuary (Fig. 1): euhaline estuarine sand
(EE), north arm polyhaline sand (PS), south arm polyhaline sand
(PSM), and south arm polyhaline muddy sand (PMS) (Teixeira et al.,
2008). Additionally, data was grouped aiming to cover the South
arm (SA) subsystem and to look at the Mondego estuary (ME) as a
whole.

In each of these habitats, subtidal benthic communities have
been regularly monitored following standardised protocols since
the early 1990s. In the present work, data from sampling performed
in the spring of 1998, 2005, 2006 and 2007 was used. In each year,
five sediment replicates were randomly collected from each habitat
using a van Veen grab with a 0.078 m? dredging area. The sam-
ples were immediately sieved through a 0.5 mm mesh gauze and
preserved in a 4% formalin solution. Production estimates were per-
formed in all seasons (spring, summer, autumn, winter) following
the same protocol. In the field, abiotic parameters were measured
(e.g., %05, 05, salinity, temperature). In the laboratory, the biologi-
cal samples were washed through a sieve of 1.0 mm, sorted and the
species identified to the lowest possible taxonomic level, prefer-
ably the species level. Once identified and counted, the biomass was
estimated as ash-free dry weight (g AFDW m~2) by drying the sam-
ples to a constant weight at 60 °C and ashing them at 450 °C for 8 h.
Nutrient concentrations in the water column (ammonium, nitrite,
nitrate and phosphate), total suspended solids (TSS), chlorophyll-a
and particulate organic matter (POM) contents and sediment prop-
erties (e.g. % organic matter (OM), % coarse sand, % fine sand, %
mud) were estimated in the laboratory, following standard meth-
ods (Strickland and Parsons, 1972; Limnologisk Metodik, 1992).

2.2. Framework adopted

A three-step approach was applied (Fig. 2) to estimate the suc-
cessive relationships linking biodiversity, ecosystem functioning,
estuarine stability, ES and human well-being. Structured on exist-
ing frameworks and indicators, this approach aims to translate field
measurements to social and economic standards using a multidis-
ciplinary perspective. The Mondego estuary was used as a practical
example of an ecosystem under pressure from both social drivers
(e.g., increasing population density) and economic drivers (e.g.,
intense land occupation rates).

2.2.1. Linking estuarine biodiversity to ecosystem functioning

Three proxies for the biodiversity structure were considered
and quantified: the number of species (S), total abundance (N),
and total biomass. Several measures of diversity were calculated,
including the Shannon-Wiener index (H'; Shannon and Wiener,
1963), the Margalef index (d; Margalef, 1958), and a multimetric
integrative index (BAT; Teixeira et al., 2008). BAT integrates, in a
cumulative index, three widely used metrics - Shannon-Wiener
index, Margalef index and AMBI - which are based on different
approaches when evaluating system status. This integration results
from experience works on the Portuguese transitional and coastal
waters systems that demonstrate that, when evaluating the sys-
tem condition, the combination of several metrics is more accurate
than any single metric (Pinto et al., 2009). The Shannon-Wiener
index is a diversity measure that takes into account the propor-
tional abundance of species; the Margalef index is based on the
specific richness of a system; and the AMBI (Borja et al., 2000)
relies on the distribution of species into five ecological groups
(Grall and Glémarec, 1997), distributed according to their sensitiv-
ity to an increasing stress gradient (enrichment of organic matter)



R. Pinto et al. / Ecological Indicators 36 (2014) 644-655 647

I08° 50'W
FIGUEIRADAFOZ EE

40°08'N

MURRACEIRA ISLAND

ATLANTIC OCEAN

M N T~

R\Qf

ARMAZENS CHANNEL

PORTUGAL

1Km

PRANTO RIVER

,7
|

BRIDGE

Fig. 1. Mondego estuary: sampling stations and estuarine reaches-Euhaline estuarine sand (EE), South Arm Polyhaline sand-mud (PSM), South Arm Polyhaline muddy sand

(PMS), and North Arm Polyhaline sand (PS).

(Glémarec, 1986). Overall index classifications can range between
0 (bad ecological quality) and 1 (good ecological quality) (Teixeira

relative abundance of species in each trophic group and was
expressed as a percentage.

etal., 2008, 2009). Finally, based on BAT results, the Ecological Qual- (b) The macrobenthic productivity of the system was calculated

ity Status (EQS) was estimated following the requirements of the
Water Framework Directive (WFD; EC, 2000).

2.2.2. Linking ecosystem functioning with stability and services
provision

The role of macrobenthic functional diversity within the estu-
arine ecosystem was quantified by using two proxies:

(a) The feeding guilds composition for subtidal communities
assigned each taxon to a feeding guild according to its feed-
ing habit (carnivorous/omnivorous/grazers - G; surface deposit
feeders — SDF; subsurface deposit feeders — sSDF; suspension
feeders - SF) based on literature reviews (e.g., Fauchald and
Jumars, 1979; Gaston, 1987; Garcia-Arberas and Rallo, 2002;
Mancinelli et al., 2005). This proxy was calculated using the

COMPONENTS FUNCTIONING

. - productivity
-ne of species - feeding guilds
- species composition
- H’
-d STABILITY

- biomass

BIODIVERSITY

- temporal stability

based on Brey, 2001. The production/biomass (P/B) ratio
(Margalef, 1963) was estimated using an empirical multiple
non-linear model, which incorporated biomass data and
biotic and abiotic parameters. The weight-to-energy ratios
are needed for application of the empirical method, and the
biomass estimates were converted into K] using the conversion
factors for major taxonomic groups proposed by Brey, 2001
(method version 4-04) (worksheet provided in Brey, 2001;
www.awi-bremerhaven.de/Benthic/Ecosystem/FoodWeb/

Handbook/main.htm). This method has been used as an alter-
native empirical technique for the estimation of secondary
production (after Cusson and Bourget, 2005; Dolbeth et al.,
2005). Following the methodology of Brey et al. (1996), the
P/B ratio was estimated by group (G; SDF; sSDF; and SF).
Production was then calculated by multiplying the P/B ratio by
the average biomass. Because productivity changes are usually

USES BENEFITS

SERVICES & GOODS:

- water quality IVIONETARY VALUES
- ecotourism

- nursery grounds

- food production HUMAN WELLBEING
(bivalves)

ADEQUATE/ADAPTIVE MANAGEMENT

Fig. 2. Framework adopted: for the biodiversity (e)valuation several indicators were considered, belonging to structural (components), functional (processes), uses and final
benefits (always considering the impacts analysis and the spatial-temporal reality of the local system). In the figure H' stands for the Shannon-Wiener index (Shannon
and Wiener, 1963), d stands for the Margalef index (Margalef, 1958) and BAT stands for the multimetric integrative index (Teixeira et al., 2008). This framework allows an
integration of ecosystem approaches, essential for the requirement of developing sustainability by involving several key-components as ecological, economic and/or social

dimensions.


http://www.awi-bremerhaven.de/Benthic/Ecosystem/FoodWeb/Handbook/main.htm
http://www.awi-bremerhaven.de/Benthic/Ecosystem/FoodWeb/Handbook/main.htm

648 R. Pinto et al. / Ecological Indicators 36 (2014) 644-655

reflected in the year following a particular condition, three
years were used to estimate the estuarine production: 2005,
2006, and 2007. Only spring data were available for 1998,
so no production estimates could be computed for that year.
Before estimating the productivity, the species constancy was
calculated to measure the importance of species at each reach
(Desroy et al., 2002). Constancy is given by Eq. (1) (Desroy
etal., 2002):

=0 . 100 (1)
n;
where n;; is the number of occurrences of the species i in the
station of group j and n; is the number of stations in group
j. Characteristic species were categorised as either constant
(C>50%) or common (50% < C>25%) (Desroy et al., 2002). Those
species observed for only one or two seasons per year were
omitted from the data analysis.Estuarine temporal stability
was used as a proxy for estuarine stability (see Pinto et al.,
2013a). Tilman (1999) defined TS (gCm~2y~1) as the varia-
tion in species biomass, which is quantified as the mean spring
biomass (b, g C m~2) divided by the standard deviation of com-
munity biomass production through time (o, xj, y~1)(Eq.(2)):

b

Oxy—xj

TS = (2)
Although it is not a process, TS measures the percentage of
variation around the mean, for which larger values represent
greater stability, i.e., lower temporal variation around the mean
(Tilman, 1999). If there was no variation at all, the tempo-
ral stability would be maximal (infinite). When variation is
large relative to the mean, the temporal stability is small (near
0) (Lehman and Tilman, 2000). TS measures relative stabil-
ity for both non-equilibrium and near-equilibrium conditions
(Tilman, 1999).

2.2.3. Linking changes in services to human well-being

Trends might be drawn based on the composition and functional
roles of the species (e.g., structural or behavioural characteristics)
occurring in an ecological system and possessing potential social
interest (whether it has direct or indirect benefits). The relation-
ships between abiotic indicators, biodiversity structural assets, and
ecosystem functioning were tested using a Spearman correlation
analysis (1).

The ES supply was used to estimate the link between the proxy
for biodiversity-ecosystem functioning and the social importance
of the estuarine ecosystem to human well-being (Fig. 2). Locally the
bivalve catch activities has a very strong socio-economic function,
therefore, to estimate the link between biodiversity and human
well-being the condition of the bivalve population was considered
(used as an example of the linkage between the system natural
capital and human well-being). The flux of the estuarine services
(ecosystem stocks and flows) can be measured, for example, as
quantitative productivity over the years. For instance, the bivalves’
biomass comprises a stock. This stock can then flow from the
bivalve community into the catch of fisheries, which is the flow
that is of value to society (Costanza et al., 2001). For the bivalve
catch, two levels of potential interference were identified:

(1) At an individual level the available and harvestable biomass of
the bivalve communities by hand, reflecting the surrounding
environmental conditions, and the people who harvest it and
earn additional income from the harvest (measured in tonnes
of catch; data source: www.dgpa.min-agricultura.pt) and

(2) At an industrial level the industrial harvest, where the num-
ber of licensed boats, the catch (in tonnes), and the potential

for greater interference with the ecosystem (data source:
www.dgpa.min-agricultura.pt) were used as indicators.

Additionally, based on secondary data, the trends in services
as the nursery ground capacity of the system, water quality and
eco-tourism facilities were also analysed.

3. Results
3.1. Linking estuarine biodiversity to ecosystem functioning

The estuarine biotic environment (structural and functional
proxies) for each site and year is summarised in Table 1. In gen-
eral, the values for the total number of species differed among sites
and years. For 1998, 2005 and 2006, respectively, the species num-
ber values were 19, 19 and 46 for the euhaline part of estuary; 6, 32,
and 22 for the polyhaline sand-mud site (PSM); 14, 22, and 28 for
the polyhaline muddy sand (PMS) (both PSM and PMS belong to the
south-arm subsystem); and 8, 18 and 21 for the north-arm polyha-
line sand. These values were consistent with the behaviour of other
structure related metrics, such as species richness (d), diversity (H'),
total biomass, and the EQS, which tended to increase gradually after
1998. The species abundance presented a relatively stable pattern
when considering the Mondego estuary as a whole, but significant
differences could be observed among habitats and reaches. There
was a substantial decrease in invertebrate species abundance in the
polyhaline sand-mud area, which contributed to a decrease in the
species number of the South arm.

3.2. Linking ecosystem functioning to stability and services

Within the invertebrate benthic communities (Table 1), there
was an increase in the % of trophic groups usually associated with
better environmental conditions (e.g., grazers or suspension feed-
ers). The results showed an increase in the % of all trophic groups,
concomitant with an increase in the system’s biodiversity (cap-
tured through diversity measures). The macrobenthic P/B ratio
decreased from 2005 to 2007, however, from 63.74 to 29.89y~!
in the Mondego estuary as a whole and showed a similar pattern
in most of the estuarine reaches (Table 1). A sudden productiv-
ity drop was observed in 2007 for most of the estuarine areas,
except the polyhaline muddy-sand area, which showed relatively
stable productivities. The species abundance increased from 92
to 159 individuals m~2 from 1998 to 2006. The benthic biomass
was similar in 2005 and 2006 and clearly higher than that for
1998.

A decrease in estuarine stability was observed over the years
(Table 1), except for the polyhaline muddy-sand area, where an
increase occurred.

3.3. Linking changes in services to human well-being

The Spearman correlation coefficients calculated between the
pairs of abiotic, structural, and functional indicators are given for
the three periods in Table 2. These relationships between factors
varied strongly by year. In 1998, the sediment characteristics were
correlated with community functioning (Table 2). Mainly depend-
ing on the abiotic conditions, different functional groups (such as
SDF or G species) dominate the benthic fauna assemblages. In gen-
eral, the correlation between functional and structural indicators,
as well as between different structural indicators, was positive.
In contrast, different functional indicators were usually negatively
correlated with one another (e.g., SF species with G or SDF species),
with the exception of the productivity values among years, which
showed an identical pattern as between structural and functional
indicators.
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Table 1

Structural, functional and stability indicators of biodiversity in the Mondego estuary.

Unit ME EE PSM

1998 2005 2006 2007 1998 2005 2006 2007 1998 2005 2006 2007
Structural indicators
Ecological quality status EQS M 6 6 - - - - - - - - -
Number of species S 30 49 70 - 19 19 46 - 6 32 22 -
(Shannon-Wiener index) H 1.61 2.52 2.74 - 248 3.07 3.22 - 1.43 2.46 1.99 -
(Margalef index) d 1.01 223 2.07 - 1.65 3.46 3.15 - 0.94 in 1.70 -
Total abundance N 5515 5878 4147 - 432 182 560 - 224 1965 828 -
Total biomass bi 7.01 26.84 26.83 - 229 2.07 9.91 - 0.05 12.94 4.63 -
Functional indicators
Grazers G % 14.13 26.04 31.79 - 17.54 45.07 29.11 - 19.09 15.91 18.60 -
Surface Deposit feeders SDF % 80.61 35.00 4327 - 28.07 39.44 46.58 - 80.91 21.73 26.95 -
Subsurface Deposit feeders Ssdf % 3.58 36.14 20.32 - 53.51 12.68 20.55 - 0.00 55.24 53.36 -
Suspension feeders SF % 1.68 2.74 4.42 - 0.88 2.82 3.77 - 0.00 7.12 1.09 -
Macrobenthic productivity mP y! - 63.74 67.34 29.89 - 5.21 2.31 2.15 29.01 40.41 418
Stability
Temporal stability TS y! 0.59 2.36 1.43 0.62 0.20 0.08 0.05 0.10 0.01 2.62 0.91 0.22

Unit PMS PS SA

1998 2005 2006 2007 1998 2005 2006 2007 1998 2005 2006 2007
Structural indicators
Ecological quality status EQS - - - - - - - - 6 6 H -
Number of species S 14 22 28 - 8 18 21 - 14 39 39 -
(Shannon-Wiener index) H 1.41 2.63 3.10 - 1.25 2.07 2.26 - 1.41 2.57 2.73 -
(Margalef index) d 0.87 1.96 1.93 - 0.68 1.60 1.61 - 0.88 2.23 1.86 -
Total abundance N 4716 2060 2180 - 143 1672 579 - 4940 4025 3008 -
Total biomass bi 443 10.28 11.88 - 0.23 1.55 0.41 - 4.49 23.21 16.51 -
Functional indicators
Grazers G % 12.83 4431 37.53 - 51.13 12.44 4313 - 13.05 32.00 30.49 -
Surface Deposit feeders SDF % 85.26 53.22 54.84 - 48.87 25.40 31.88 - 85.11 39.57 44.46 -
Subsurface Deposit feeders Ssdf % 0.07 0.59 1.29 - 0.00 62.05 17.92 - 0.06 24.28 20.66 -
Suspension feeders SF % 1.84 1.68 6.02 - 0.00 0.11 6.67 - 1.77 4.04 419 -
Macrobenthic productivity mP y! - 19.79 12.22 22.59 - 14.13 11.92 2.69 - 53.58 64.6 29.01
Stability
Temporal stability TS y! 1.17 2.70 3.04 133 0.41 2.75 0.68 0.20 0.55 2.84 1.97 0.76

ME - mondego estuary; EE - euhaline estuarine; PSM - polyhaline sand-mud; PMS - polyhaline muddy-sand; PS - polyhaline sand; SA - south arm; M - moderate ecological status; G - good ecological status; and H - high

ecological status.
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Table 2

Spearman correlation analysis (at significance level p <0.05) among the several (abiotic, structural, and functional) indicators considered in the study, for the three considered

years (1998, 2005, and 2006).

Abiotic indicators Functional indicators r Year Structural indicators Functional indicators r Year
5 %G 0.9 1998 ) Prod. 2005 0.94 2005
%02 %sSDF ~0.96 1998 Biomass Prod. 2006 0.94 2005
%G -0.94 1998 d %SF 0.93 1998
%OM %SDF 0.89 1998 Prod. 2005 0.94 2005
%sSDF 0.9 1998 Prod. 2006 0.94 2005
. 0.94 1998 N Prod. 2006 0.94 2006
% coarse sand %SDF ~0.94 2005 Prod. 2007 1.00 2006
. 0.94 2005 %SF 0.91 1998
%fine sand %SDF 0.94 2006 S Prod. 2005 0.94 2005
%SF -0.94 2005 Prod. 2006 0.94 2005
NH; %SDF 0.94 2006 EQS . 0.89 2005
POM %SDF 094 2006 %G 1.00 2005
SST %SDF 0.94 2006 H . 0.93 1998
o %G 0.94 1998 #%SF ~0.94 2005
2 %sSDF -0.99 1998 Functional Indicators Functional Indicators r year
Temperature %SDF 1.00 1998 o -0.94 2005
Structural Indicators Structural Indicators r year N #SF -0.89 2006
094 1998 *G i ~099 1998
Biomass N 0.89 2005 %sSDF 1.00 2006
S 1.00 2005 %SDF %SF -0.89 2005
0.93 1998 %SF %sSDF ~0.89 2006
S 0.93 2006 Prod. 2005 Prod 2006 1.00 2005
d ) 1.00 1998 Prod 2006 Prod 2007 0.94 2006
H 0.94 2006
N S 0.89 2005
S ) 0.93 1998
EQS H 0.89 2005

OM - organic matter, POM - Particulate Organic Matter, SST - total suspended solids, d - species richness (Margalef Index), N - total species abundance, S - number of
species, H' - Shannon-Wiener diversity index, EQS - ecological quality status, SDF - surface deposit feeders, sSDF - subsurface deposit feeders, SF - suspension feeders, G -

grazers, Prod. - productivity.

Four main services (water quality, eco-tourism, nursery grounds
and food production) were found to directly influence or depend
upon biodiversity assets (Table 3). A gradual increase in the water
quality and eco-tourism services was identified over the years,
whereas nursery grounds and food production services tended to
decrease (Dolbeth et al., 2008; Pinto et al., 2010). In an opposing
trend, two main constraints were identified that could influ-
ence the productivity of the estuary: species competition (mostly
macrophytes vs. macroalgae) and habitat loss (mainly Z. noltii
meadows area reduction), which both demonstrated decreasing
trends (Table 3).

The available data show that the bivalve population is an
important part of the estuarine community in terms of biomass,

Table 3

abundance, energy and material fluxes, in some years, accounting
for as much as half of the total abundance or biomass (‘ecosystem
stocks’ as available estuarine natural capital) (Fig. 3A). The impor-
tance of bivalves was particularly clear in 2007, when there was a
significant drop in bivalve densities (due to reduced recruitment
by the relevant species; Verissimo et al., 2012).

After accounting for the number of boats dedicated to the cap-
ture of different species from bivalves to fish, there appeared
to be a general decrease in this proxy for these resources
catches on the estuary over time (Fig. 3B). Examination of
the bivalve catch (data source: www.dgpa.min-agricultura.pt),
however, revealed a trend towards increased productivity from
1995 to 2006, and the number of bivalves brought to the

Biodiversity related services provided and disservices obtained: service category, according to Millennium Ecosystem Assessment classification (MEA, 2005); description;

indicators used; and trends over the years.

Service category Description Indicators Trend References
Biodiversity related services
Water quality Regulating Filtering, retention and storage of Dissolved nutrients Increasing Pinto et al., 2013b
water proper for uses concentration
Eco-tourism Cultural Estuarine resources/spaces with Number of visitors Increasing Data source: Sinergiae
(potential) recreational uses Ambiente (data year: 2008)*
PDM, 2005
Nursery grounds Supporting Suitable Fish productivity (y') Decreasing Dolbeth et al., 2008
reproduction/development habitat (2004-2006)
Food production Provisioning Transformation of solar energy into Salt production Decreasing Pinto et al., 2010
biomass for consumption
Aquaculture production
Fish captures
Biodiversity related constrains
Species competition Supporting Ecosystem changes affect the Macroalgae biomass Decreasing Patricio et al., 2009
prevalence of one species over the
other
Habitat loss Supporting Suitable living space for wild Area occupied byZ. noltii Decreasing Patricio et al., 2009

plants and animals

4 Data source.
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Fig. 3. The importance of bivalves in the Mondego estuary system: (A) Ecological services — biomass and abundance of the bivalves’ communities, from 1990 to 2007; (B).
The number of boats involved in catching bivalves, from 1995 to 2006 (data source: www.dgpa.min-agricultura.pt).

Figueira da Foz harbour suggests an increase in catch from
2005 to 2006 (from circa 170 to 260 tonnes). Moreover,
approximately 6 tonnes of bivalves were manually removed
from the system in 2005, which would require approximately
120 persons partially dedicated to the harvest (data source:
www.dgpa.min-agricultura.pt) and illustrating the importance of
the bivalves for locals.

4. Discussion

Ecosystem services can be regarded as the (conceptual) link
between the natural resources and social benefits that foster human
well-being (Diaz et al., 2011). There have been efforts to relate
biodiversity components with services provision, but only a few

studies have been able to establish useful indicators (Diaz et al.,
2007; NEA, 2010; Mace et al., 2012; van Oudenhoven et al., 2012).
Turner et al. (2003) report that there is a strong interdepen-
dence between biodiversity and services provision, and there is
additional current evidence that net ES value diminishes with bio-
diversity and ecosystem loss (Balmford et al., 2002; Jones-Walters
and Mulder, 2009). Therefore, if biodiversity is positively corre-
lated with ES delivery, then greater biodiversity may, or even,
will increase the value of ecosystem services (Morling et al.,
2010).

The conceptual framework adopted by MEA (2005) was fur-
ther developed in the present work to address (with inherent
natural and anthropogenic disturbances) the effects that biodi-
versity may have on the provision of the ES in environmentally
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dynamic systems of high socio-economic value, such as estuaries.
Through the application of this framework, a quantitative and
qualitative assessment of the relationships between ecological
quality and ES provision was undertaken, aiming to achieve a
better guide to the potential (future) management of estuarine
ecosystems.

4.1. Linking estuarine biodiversity to ecosystem functioning

Even small losses of estuarine species may hinder the ability of
ecosystems to adjust to change or maintain their functional level.
Recent assessments have shown that global biodiversity loss pref-
erentially affects species with longer life spans, bigger bodies,
poorer dispersal capacities, more specialised resource uses, lower
reproductive rates, and other traits that make them more sus-
ceptible to human pressures (e.g., by land occupation or nutrient
release) (McKinney and Lockwood, 1999; Baillie et al., 2004;
Mace et al., 2005; Diaz et al., 2006). Application of these global
findings to this estuarine ecosystem demonstrated that stronger
system perturbations lead to changes in all the structural prox-
ies considered, with greater consequences for species diversity
(decrease in number of species) and biomass. Moreover, pre-
vious work on the intertidal habitats of this estuarine system
has shown that macrobenthic populations react to disturbances
by a change in their biomasses. Studies with food web mod-
els, Baeta et al. (2011) have demonstrated that there was an
increase in biomass, consumption, respiration and flow to detri-
tus in Scrobicularia plana and Hediste diversicolor (two key
species in the system) after the implementation of mitigation
measures. In contrast, S. plana showed evidence of decreasing
biomass and flows after the extreme winter flood of 2001
(Baeta et al., 2011).

The implicit relations between estuarine biodiversity and stability
proxies may be useful indicators of the general functioning of these
ecosystems, a conclusion that is consistent with previous empiri-
cal evidence (e.g.,Duffy, 2006). In fact, the ecosystems functional
approach must be complemented with the analysis of its inherent
properties. In the specific case of the Mondego estuary, it became
clear that knowledge about the internal functioning of the system
does not always decrease uncertainty about the system responses
to ecological conditions. It was possible to demonstrate that func-
tional indicators (e.g., species feeding guilds) respond directly
(either positively or negatively) to changes in abiotic conditions and
to structural and even to other functional metrics (e.g., variation
in species feeding guilds ratios); however, structural proxies and
overall system productivity were strongly related to one another
but showed no significant relations with abiotic and functional
metrics. This finding may suggest that while community structure
directly determines part of the system productivity, the internal
system functioning (e.g., % of feeding guilds) is more vulnerable to
changes in the surrounding environment (either abiotic or biotic
variations). Several authors claim that it is the connectance of the
system that plays a key role in the complexity-stability relationship,
rather than the number of components within it (e.g. Jorgensen,
2002). In this sense, systems under-connected or over-connected
would be more unstable (MacArthur, 1971; Levin, 1974; O'Neill
et al., 1986), emphasising that stability maximisation is obtained
at intermediate connectivity levels. In this context, the framework
adopted in this study should be complemented with a detailed anal-
ysis of the food web energy flows within the communities, using,
for instance, ecological network analysis (ENA) (Ulanowicz, 1980,
1986; Fath, 2004). The ENA approach is considered a promising
method to analyse the functioning and judge the quality of ecosys-
tems (de Jonge et al., 2012). Therefore, it is crucial to adopt an inte-
grated perspective of system functioning, which can be achieved by

evaluating and comparing the information and responses obtained
from several proxies when facing different types of disturbances.

4.2. Linking ecosystem functioning with stability and services
provision

Pinto et al. (2013a) illustrated that up to a certain limit estu-
arine stability and productivity seem to increase concomitantly
with an increasing number of species and larger biomasses. On
the other hand, previous works by, e.g., Elmqvist et al. (2003) and
Naeem et al. (2009) suggest that a large number of species per
functional groups, including rare species, may act as ‘insurance’
that buffers ecosystem processes and their derived services when
changes occur in the surrounding physical and biological environ-
ment (e.g., temperature changes). Nevertheless, these ideas need
to be experimentally tested (Carpenter et al., 2009). In the present
work, the stability metric analysis allowed testing of the spatial
and temporal responses of an estuarine system in relation to the
‘insurance’ role. The results indicate that estuarine stability could
be reduced by environmental perturbation (e.g., eutrophication
symptoms in 1998 or bivalve recruitment in 2007), which also
affected total estuarine macrobenthic productivity. These findings
are consistent with previous results for this system, which indi-
cated concomitant trends of decreasing connectivity and increasing
temporal stability for intertidal habitats (Pinto et al., 2013a). The
inner parts of the estuary (e.g., South arm) were more stable and
productive than were areas with higher water circulation or more
exposure to adverse conditions, such as dredging activities (e.g.,
estuarine mouth-EE and PS). Therefore, this study is consistent with
previous reports (e.g., Loreau et al., 2002; Diaz et al., 2006) that
argue the existence of a strong relationship between species com-
position and ecosystems function, reinforcing the important role of
biodiversity in ecosystem productivity and stability.

Species composition was a key factor strongly influencing estu-
arine functioning, which confirms previous research (e.g., Grime,
1997; Duffy, 2006). In fact, a negative relationship was found
between stability and the occurrence of species feeding on surface
deposits, which are usually considered to be ecologically important
species because of their effect on sediment structure (bioturba-
tion behaviour) (e.g., Van Colen et al., 2010). Although the concept
of functional groups may be a valuable tool for simplifying com-
munity complexity, especially for management purposes (Gaston
et al., 1998), the information acquired may be subject to criticism
(e.g., difficulty in assigning species to feeding guilds or generalis-
ing trophic groups; Giangrande et al., 2000). To address this issue,
information about the functional groups was coupled with mac-
robenthic productivity and stability measures, which, in general,
showed a gradual increase. The productivity drop observed in 2007
was mainly caused by a reduction in the biomass of only one species
(C. edule) (values in spring decreased from 11.94g AFDWm~2 in
2005 to 0.020g AFDW m~2 in 2007). However, the productivity
method used was specifically designed for intertidal benthic com-
munities (Brey, 2001), meaning that even assuming the validity
of the subtidal parameter and the depth factor used to construct
the model, some residual variance might be associated with these
values.

4.3. Linking changes in services to human well-being

Estuarine biodiversity (including number of species, diversity, and
total biomass) had a determinant role in the provision of ecosys-
tem services and, consequently, on human well-being. Regarding the
structural, functional and service relationships, the empirical evi-
dence indicates that changes in benthic biodiversity (expressed
by diversity measures) clearly affected ecosystem functioning (as
shown in Table 1), in terms of both the intensity and the direction
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of the responses (e.g., the achievement of better ecological status).
In fact, the loss of ecological complexity/linkages (Mace et al.,2012)
is driving the world’s ecosystems to a more frequent failure of their
functions and services, even to an increased risk of unexpected and
irreversible changes in their status (MEA, 2005). However, more
efforts are needed in order to find the set of indicators, able to
integrate the socio-ecological conditions of an ecosystem. In fact,
quoting Braat and de Groot (2012), indicators are needed ‘that are
not only relevant and able to convey the message of the consequences
of biodiversity loss, but must also be based on accepted methods that
reflect the aspects of biodiversity involved in the service that is of inter-
est, capture the often non-linear and multi-scale relationships between
ecosystems and the benefits that they provide, be convertible into eco-
nomic terms’.

The linkages between biodiversity, ecosystem functioning and ES
provision for human well-being are neither straightforward nor uni-
versal. Although the connections between ecosystem properties
and ES are not always linear causal paths (e.g. Carpenter et al., 2009;
Pinto et al., 2013b), many changes in ES provision can be quanti-
fied by using variation in ecosystem properties recorded by routine
measurements (Diaz et al., 2007; de Jonge et al., 2012). Therefore,
the initial conceptual framework, which was the basis for this work
(MEA, 2005), should be modified by the addition of reverse arrows
to include the reciprocal effects that human well-being and ES pro-
vision have on estuarine biodiversity and ecosystem functioning:

biodiversity = ecosystem
vices 2 human well-being

functioning = ecosystem ser-

This study was undertaken in a medium-sized estuary having a
strong local focus, so the extrapolation of these results for appli-
cation to other estuarine systems may be limited. Nevertheless,
the obtained results show that the multi-functionality of estuaries
plays a determinant role both to biodiversity and human well-
being, where several noteworthy trends were observed:

(1) Increasing species richness and functional composition had
positive effects on estuarine productivity;

(2) Changes in estuarine ES provision are related to altered struc-
tural and abiotic factors and to the loss or decline of locally
abundant species;

(3) The causes of change in underlying biodiversity and ecosys-
tem functioning determines the system'’s ability to provide the
associated ES; and

(4) Estuarine services, such as water quality improvement,
revealed to play a crucial play on the ecosystem, not only due
to its direct implications to biodiversity status, but also because
it has both direct political consequences (i.e. fees applied to all
member countries that do not achieve a Good Quality Status for
water bodies until 2015, determined by the EC; EC, 2000) and
social implications (i.e. local, and even national, populations are
willing to see the water status improved, due to the benefits
they would achieve from it and to safeguard the resource for
biodiversity sake; Pinto et al., 2012; personal communication).

The current study showed that biodiversity management is
able to affect the provision of valued ecosystem services, mainly
provisioning, regulating and cultural services, since it can act as
an important regulator for most of the ecosystems functional
attributes. In fact, other studies performed at a landscape level (e.g.,
Kandziora et al., 2013), have shown that biodiversity has different
roles depending on the type of service considered: (1) it can act as
a structural limitation factor for regulating services; (2) can be a
negative factor for some provisioning services, and (3) can make
cultural services highly dependent on structural variables. In this
study, these relations were not explored in detail, however, the

previous described trends have demonstrated the crucial role that
biodiversity assets had on services flows in estuarine ecosystems.

The key issue when addressing complex ecosystem manage-
ment is to accurately translate ecosystem changes into measures
that address both ES provision and ecosystem conservation. Ade-
quate societal responses to improvements in ecological conditions
require quantitative assessment of the biodiversity composition
and ES consequences of changing environmental conditions (MEA,
2005; Hooper et al., 2005; Diaz et al., 2011; Mace et al., 2012), for
example, through surveys (Contingent Valuation or Choice Exper-
iments Methods) of affected populations.

The framework proposed in this study implies to accomplish
both a functional and a commodity point of view upon natural
ecosystems. As highlighted previously, the relations between bio-
diversity - ecosystem functioning — services provision, as well as
the establishment of thresholds in natural processes that guarantee
ecosystems sustainability, are difficult to determine and evaluate.
An effort to establish conceptual links among these factors was per-
formed; however, further in-depth research in establishing these
links is not only justified but even necessary.

5. Conclusions

The findings of this study highlight a series of qualitative con-
clusions about the relation between biodiversity assets and human
well-being in estuarine systems:

(1) the species composition of estuarine communities was a key
factor that strongly affected system functioning;

(2) the complexity of the relationships between biodiversity and
human well-being, via the effects and causes determining the
ES provision; and

(3) changes in the estuarine ES provision likely derive from chang-
ing structural and abiotic factors and from the loss or decline of
locally abundant species.

The results suggest two additional conclusions:

(1) more integrative tools/studies are required to explain the
interactions of estuarine ecosystems with surrounding socio-
economic activities; and

(2) these tools need to be incorporated into decision-making pro-
cesses aimed at the conservative management of ecosystems
and used by institutions, particularly to guide the implementa-
tion of sustainable frameworks (integrating biodiversity assets
and ecosystem services used for human well-being).

New research needs to accomplish several objectives:

(1) to further explain the links between biodiversity and ES provi-
sion in estuarine systems;

(2) clarify the functional role (achieved through connections
among species) of macrobenthic species in the provision of
valued ES (e.g., C sequestration); and

(3) elucidate the using of ecosystem production as a tool to guar-
antee that the consumption of natural resources is sustainable.
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