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ABSTRACT: The need to implement Ecosystem-Based-Management (EBM) in marine ecosystems
and the recent adoption of European Union directives, such as the Marine Strategy Framework
Directive (MSFD), make indicators that are able to describe ecosystem state particularly relevant.
The trophodynamic context is promising in that it can define integrative ecosystem indicators from
modelling and field data. Here we analyze energy accumulation across trophic levels (TLs), i.e.
the accumulation of energy in various biomass components of an ecosystem. The analysis of bio-
mass accumulation across TLs, previously applied to surveys and model output data, was applied
to a time series (1970 to 2010) of landings in the Mediterranean Sea and its 8 sub-areas. The stan-
dardized cumulative biomass versus TL curves for each year were fit to a logistic function, reveal-
ing that the accumulation pattern was detectable using landings data and confirming prior pat-
terns. Parameters describing the curve shape, i.e. basal biomass, inflection point and steepness,
were considered as possible indicators for assessing changes of ecosystem state through time.
These parameters were able to detect systems modification in terms of both space and time and
exhibited differential sensitivity to external drivers. The inflection point was mainly fishery-dri-
ven, whereas steepness seems to respond to environmental features, indicating an ability to dis-
criminate across major ecosystem drivers. The application of Monte Carlo uncertainty analysis
showed that all of the parameters are sufficiently robust to possible sampling errors in the TL
assignment to the different taxa. Collectively, these results confirm the robustness of patterns for
cumulative biomass across TL curves seen in a growing number of marine ecosystems. These
emergent features suggest that this approach could produce useful ecosystem indicators for the
implementation of EBM and the MSFD.

KEY WORDS: Trophodynamic indicators - Trophic level - Cumulative biomass curve - Landings
data - Environmental factors - Sensitivity analysis - Mediterranean Sea

Resale or republication not permitted without written consent of the publisher

INTRODUCTION

Concepts such as ‘ecological status' and ‘reference
conditions' remain among the most important issues
which require precise definition in the context of
marine environmental management. In particular,
with the implementation of the Madrid Protocol for
Integrated Coastal Zone Management (ICZM; UNEP/

*Corresponding author: fpranovi@unive.it

MAP/PAP, 2008) and declaration of European Union
(EU) directives such as the Habitats Directive
(92/43/EC), the Water Framework Directive (WFD;
2000/60/EC) and the Marine Strategy Framework
Directive (MSFD; 2008/56/EC), the need for ecosys-
tem management is crucial. These directives require
the definition and implementation of appropriate
ecological indicators that are able to convey complex
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information to a range of different stakeholders (Rice
2003, Rice & Rochet 2005, Jorgensen et al. 2010, Link
et al. 2010). For example, the MSFD requires that EU
member states achieve ‘good environmental status’
(GES) of the marine environment by 2020, highlight-
ing the need not only for indicators but also for refer-
ence conditions thereof.

Much of the work in the last decade has endeav-
oured to define optimal features for indicators, in-
cluding the need to be feasible, reliable, applicable
and effective (Rochet & Trenkel 2003, Jennings 2005,
Link 2005, Rice & Rochet 2005). Apart from a few
exceptions (Blanchard et al. 2010, Bundy et al. 2010),
considerable effort has been devoted to analyzing
indicator performance at lower hierarchical levels,
from individuals to populations and communities
(Gislason 1999, Jennings & Dulvy 2005, Shin et al.
2005). Nevertheless, a system-level approach can be
more attractive than species-oriented approaches
because both the direct and indirect effects of distur-
bance can be considered in a single interaction
network (Raffaelli 2005). Furthermore, system-level
indicators integrate across a range of ecosystem
functions and processes and can detect major chan-
ges that warrant attention more robustly than indica-
tors that focus on specific taxa, habitats or features of
the ecosystem and that often have higher inter-
annual variance (Link 2010). However, at the eco-
system scale, any impact might potentially cause dif-
fuse and emergent changes in food webs (Layman et
al. 2005, Raffaelli 2005); thus, ecosystem indicators
need to discriminate responses to different specific
pressures, such as anthropogenic (e.g. exploitation
pressure) or environmental (e.g. climate), and distin-
guish them from trophodynamic functional effects
(due to ecological interactions) (Link et al. 2010,
2012a).

Ecosystem-emergent properties can be a useful
means of describing ecosystem function as well as
deriving indicators (Cropp & Gabric 2002). Tropho-
dynamic studies have developed considerably since
Lindeman (1942) and Odum & Heald (1975) pro-
posed an energetic context for evaluating ecosystem
function. In particular, they have addressed the
assessment of fishery impacts on marine ecosystems
as well as how the trophodynamic functioning of a
system can be measured and how it responds to such
impacts (e.g. Cury et al. 2005, Gascuel et al. 2005,
2008, Libralato et al. 2008, Shin et al. 2010a). The
proposed measures are promising integrative indica-
tors that reflect a systemic response to external pres-
sures but often require intensive modelling or are
focused on one facet of the ecosystem response to

one type of perturbation (Bundy et al. 2005, Coll et al.
2008, 2010a, Shannon et al. 2010, Shin et al. 2010b).
Overall, considering the complexity and associated
high functional diversity in marine ecosystems, the
practical application of system-level indicators
remains a challenge.

In this context, the analysis of total biomass in the
ecosystem and its distribution across trophic levels
(TLs) may be an interesting alternative approach.
According to Holling et al. (1995), ecosystem biomass
is a conservative property, which in marine environ-
ments exhibits an accumulation at intermediate TLs
(Link et al. 2009). Changes to this accumulation have
been suggested as reflective of shifts in ecosystem
structure (Sosa-Lépez et al. 2005).

Recently, Pranovi et al. (2012) proposed using para-
meters associated with and estimated from cumula-
tive biomass (cumB) across TL curves as an inte-
grative ecosystem indicator. Here, we extend this
method and test it using landings data for different
areas of the Mediterranean Sea.

The Mediterranean Sea is a semi-enclosed water
body comprised of a series of other semi-enclosed
basins and, as such, is characterized by peculiar
morphological-topographical features. Water circu-
lation is driven mainly by the presence of physical
thresholds, such as Gibraltar and the Sicilian
Channel. This structuring results in strong envi-
ronmental gradients in both space (latitude and
longitude) and time (seasons). The Mediterranean
is also recognized as an important biodiversity
hotspot (Bianchi & Morri 2000, Coll et al. 2010b).
This sea has been subjected to high fishing pres-
sure, resulting in a general overexploitation of
renewable resources (STECF 2010, Colloca et al.
2011). Yet as in many other seas, the Mediterran-
ean has recently shown clear signs of changes
related to other external drivers, including pollu-
tion, climate and eutrophication (Blondel & Aron-
son 2005, Coma et al. 2009, Coll et al. 2010b).
Given these features, the Mediterranean could
serve as an important study site for testing meas-
ures derived from the cumB vs. TL method (Link
et al. 2009, Pranovi & Link 2009, Pranovi et al.
2012) as possible ecosystem indicators.

Our specific aims were to (1) calculate parameters
derived from the cumB-TL curve applied to Medi-
terranean landings and test their applicability as eco-
system indicators, (2) assess the sensitivity of curve
parameters to possible ‘sampling errors’ in terms of
TL assignment to each species, and (3) analyze rela-
tionships between curve parameters and different
external drivers (both natural and anthropogenic).
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MATERIALS AND METHODS
Landings data sets

Other applications of the cumB-TL approach (Pra-
novi & Link 2009, Pranovi et al. 2012) used extant
fishery-independent survey or model-derived data
sets. However, as synoptic and long-term time series
data of biomass estimates are not available for all
areas of the Mediterranean Sea, we explored the use
of landings data as a proxy for biomass. We are cog-
nizant of the limitations of using landings as an index
of biomass (c.f. Pauly et al. 2013) but also wanted to
explore the utility of the approach for fishery-
dependent data to determine if the overall systemic
response could be detected using such a data time
series. This use is appropriate, since we are not look-
ing for a single species assessment but rather eco-
system-wide changes that might be embedded in
aggregative landings data.

The time series of landings were reconstructed
using the General Fishery Commission for the
Mediterranean (GFCM) capture database for the
period 1970 to 2010 from the 8 major fishing areas
of the Mediterranean Sea designated by the Food
and Agriculture Organization of the United Nations
(FAO) (Fig. 1). The scientific names of targeted
taxa were assigned to each commercial category,
where possible, excluding cases of large categories
including multispecies assemblages, such as 'Fish’,
‘Mollusks', etc. This allowed us to assign to each
taxon an appropriate TL first on the basis of pub-
lished data for this region (Stergiou & Karpouzi
2001) and then by consulting FishBase (Froese
& Pauly 2000; see Table S1 in the Supplement at

www.int-res.com/articles/suppl/m512p201_supp.pdf).
Landings data per TL were used to estimate the
relative cumB across TLs for each year in each
area.

CumB vs. TL model

To obtain comparable cumB-TL curves (in both
space and time) and to estimate the curve parame-
ters, the landings data for each year in each area
were fitted to a 5-parameter logistic nonlinear
regression model (Ricketts & Head 1999):

Biomass =
d-c (1)

+
T 1+ - ebiloa(TLI-log(e] 4 (1 _ f). eballog(TL-log(e)]

1
) -[log(TL)-log(e)] (2)

where f= 355,

1 + e( |b1+b2|

and c is the minimum plateau (or y-axis intercept), d
is the maximum plateau (here set to 1, since we used
cumB relative to the maximum), b, and b, are coeffi-
cients related to the slope of the curve, and e is the
inflection point in terms of the x-axis (Ricketts &
Head 1999).

From these equations, 3 different properties were
derived (Fig. 2):

(1) '‘Basal biomass' (that is, the y-axis intercept)
represents the contribution, in terms of cumB, of the
lowest TLs available in the analyzed sample; since
landings data were used in this application, this
parameter can be interpreted as the incidence of
low TL taxa (TL < 2.5) in the total catches.

(2) 'Trophic level of the inflection
point’ (that is, the projection of the in-

500 1000 km

flection point on the x-axis) represents
the point of change in the slope sign of
the sigmoid curve. It corresponds to the
peak in catches of the dome-shaped
curve resulting from the trophic spectra
analysis (for details, see Libralato &
Solidoro 2010). In this case, however, it
can be analytically estimated and ex-
pressed in terms of TL and level of
cumB (projection on the y-axis; not ap-
plied in the present study). It identifies
the middle of the interval at which the

Fig. 1. Subdivision of the Mediterranean Sea according to the Food and Agri-
culture Organization of the United Nations-General Fisheries Commission for
the Mediterranean. Ae = Aegean Sea, AS = Adriatic Sea, Ba = Balearic Sea, BS
= Black Sea, GoL = Gulf of Lion, IS = Ionian Sea, LS = Levant Sea, Sa = Sardinia

maximum biomass (in this case,
catches) accumulation is observed and
can therefore be considered the modal
point of the exploitation activities.


http://www.int-res.com/articles/suppl/m512p201_supp.pdf

204 Mar Ecol Prog Ser 512: 201-216, 2014

1997 1998

y-axis intercept

1999

Steepness

h
0
'
'
'
'
[
'
'
'
'
s

Fig. 2. Parameters of the non linear logistic curve (black line) fitting the cumulative catch data at trophic level (dots). The y-axis
intercept (orange dashed line) is the intersection of the curve with the y-axis, i.e. the basal biomass; the inflection point (TL)
(green dashed line) represents the projection of the inflection point of the curve onto the x-axis, i.e. the trophic level of the
inflection point; the steepness (red dashed line) represents the slope of the tangent to the fitting curve at the inflection point

(3) ‘Steepness' represents the slope of the tangent
passing through the inflection point; it can be consid-
ered an integrative parameter of the general curve
shape.

The curve fitting of landings data, i.e. the estima-
tion of parameters, was performed using the ‘drm’
package (Ricketts & Head 1999) within the R statisti-
cal environment (v. 2.15.1; R Development Core
Team 2012).

Uncertainty analysis

One of the critical points of the method and, more
generally, of all TL-based indicators is the assignment
of a fixed TL to each species. The same species, in
fact, can exhibit a high TL variability in both space
and time and across life-history stages (Feyrer et al.
2003, Sara & Sara 2007, Hammerschlag et al. 2010).
To assess the robustness of cumB vs. TL and derived
indicators to variability in TL, a Monte Carlo uncer-
tainty analysis was conducted. In each area and for
each year, 1000 iterations were performed by ran-
domly sampling the TL of each species from normal
distributions N(m,s) where m = mean TL of the species
and s = standard deviation of the TL calculated by ap-
plying a CV = s/m of 4.76 % (average value calculated
on the basis of the values reported by Stergiou & Kar-
pouzi [2001] for Mediterranean Sea species). This ap-
proach allowed us to take into consideration not only
the uncertainty of TLs but also the increase of vari-
ability with increasing TL value (Stergiou & Karpouzi
2001). At each Monte Carlo iteration, data were fitted
using Eq. (1) and the curve parameters estimated. In
this way, for each iteration it was possible to obtain a
new time series of parameters to be compared to the
original one (nominal parameter estimates).

Explanatory variables and relationships with
curve parameters

To assess the relationships of the derived para-
meters with different explanatory variables, a set
of 18 environmental and anthropogenic variables
was initially considered (Table 1). Some were
time-invariant, such as those related to the geo-
morphology of the area, whereas others were
temporally dynamic, such as those related to cli-
mate, primary production and fishing impact
(Table 1).

After a preliminary analysis was carried out for
each variable and each area (see Table S2 in the
Supplement), the variables originally identified
were reduced to 9 by choosing only one among
those subsets that exhibited high Spearman cross-
correlations (Table 1; Table S2 in the Supplement).
These selected variables were then tested for possi-
ble relationships with the temporal trends of curve
parameters using generalized additive mixed mod-
els (GAMMs; Hastie & Tibshirani 1990, Wood
2006). In particular, different alternative correla-
tions and heterogeneity structures were evaluated
following the protocol proposed by Zuur et al.
(2009). After choosing the optimal random structure,
the models were fit by considering a thin-plate
regression with a shrinkage component (Wood
2008) so that not only the shape but also the selec-
tion of variables was fully data-driven. Since chl a
was available only for a subset of years (1997 to
2010), the analysis was carried out on both the long
and short time series (by excluding and including
chl a, respectively). Calculations were carried out
using the ‘'mgcv’' package (Wood 2011) within the R
statistical environment (v. 2.15.1; R Development
Core Team 2012).
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Table 1. Explanatory variables initially considered for testing relationships with the cumulative biomass (cumB) vs. trophic level (TL) curve
parameters. Italics indicate formally tested variables. References are only reported where necessary to explain the respective variable

Category Estimated variable Indicator description Period Reference
Geo-morphological
Latitude Max N-coordinate of polygon centroid (highest point) Invariant
Central N-coordinate of polygon centroid (middle point) Invariant
Min N-coordinate of polygon centroid (lowest point) Invariant
Longitude Central E-coordinate of polygon centroid (middle point) Invariant
Depth Mean Isobaths interpolation Invariant
Median Isobaths interpolation Invariant
Max depth (range) Maximum depth of the area Invariant
Surface Area Polygon area Invariant
Climatic
Sea surface Annual mean Mean SST value on annual basis 1970-2010
temperature
Annual anomaly  Deviation from the 1970-1990 mean value 1970-2010
Atmospheric NAO (winter) Normalized sea level pressure difference between 1970-2010°
pressure Lisbon (Portugal) and Reykjavik (Iceland)
WeMOi Normalized sea level pressure difference between 1970-2010° Martin-Vide &
Padua (Italy) and San Fernando (Cadiz, Spain) Lopez-Bustins (2006)
MOI1 Normalized sea level pressure difference between 1970-2010° Palutikof et al. (1996),
Algiers (Algeria) and Cairo (Egypt) Palutikof (2003)
MOI2 Normalized sea level pressure difference between 1970-2010¢  Palutikof et al. (1996),
Gibraltar's northern frontier and Lod Airport in Israel Palutikof (2003)
Primary production Chla Satellite imagery (SeaWifs/Modis A) 1997-2010
PAR Satellite imagery (SeaWifs/Modis A) 1997-2010
Anthropogenic
L-index derivatives Lindex Loss in production index, estimating the reduction 1997-2010  Libralato et al. (2008)
of energy availability, due to fishing activities
Psust Probability of being sustainably fished, estimated 1997-2010  Libralato et al. (2008)
according to the L-index value
“North Atlantic Oscillation (NAO): www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
PWestern Mediterranean Oscillation index (WEMOi): www.ub.edu/gc/English/wemo.htm
‘Mediterranean Oscillation Index (MOI): www.cru.uea.ac.uk/cru/data/moi
dSea surface temperature (SST): www.ncdc.noaa.gov/ersst/

RESULTS
General patterns

The landings database was composed of 195 taxa
belonging to the Mollusca, Crustacea and Pisces
groups (for the complete list of taxa and their pres-
ence in the 8 areas, see Table S1 in the Supplement).
At the level of the Mediterranean Sea, landings are
dominated by Pisces followed by Mollusca and Crus-
tacea (Table 2). This pattern is found in all of the
areas, although the relative composition varies
(Table 2), from the Black Sea, dominated by Pisces
(97.4 %), to the Adriatic Sea, with the lowest contri-
bution by Pisces (68.0 %) and a large fraction (24 %)
of Mollusca. In terms of preferred macrohabitat,
pelagic organisms are the dominant group at the

Mediterranean level and in the Adriatic Sea, Aegean
Sea, Balearic Sea, Black Sea, Gulf of Lion, and Sar-
dinia areas (ranging from 96.4 % in the Black Sea to
51.4% in Sardinia). Conversely, in the Ionian and
Levant areas, these proportions are inverted, with
catches dominated by demersal species (56.2 and
71.6 %, respectively) (Table 2).

Application of the method showed that the consis-
tency of the sigmoidal logistic pattern in the cumB vs.
TL curve applied to landings, both across time (1970
to 2010) and space (all 8 GFCM areas in the Mediter-
ranean Sea) (Fig. 3). The plots highlighted the pres-
ence of inter- and intra-area differences, such that
specific temporal dynamics can be observed (Fig. 3).
Important modifications to the logistic curve over
time are suggestive of systemic-level changes (e.g.
Balearic Sea, Black Sea, Gulf of Lion). There were
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Table 2. Proportion of major groups in the fisheries landings (as %), in terms of major taxonomic groups and macrohabitat preference,
for the 8 analyzed areas and the entire Mediterranean Sea. Values refer to the median and the interquartile range (in parentheses)
for 1970 to 2010

Adriatic Aegean Balearic Black Gulf of Ionian Levant Sardinia Mediterr.
Sea Sea Sea Sea Lions Sea Sea Sea
Pisces 68 90.3 92.2 97.4 90.6 77 93.2 78.9 86.9
(62.2-75.1) (86.1-94.2) (91.1-92.8) (95.4-97.9) (89.3-92.3) (74.5-78.3) (90.0-94.7) (65.7-82.5) (85.8-88.8)
Mollusca 24 5.4 5.3 1.2 7.5 13.3 4.2 12.1 8.1
(21.1-28.5)  (3.5-7.1) (4.6-5.9) (0.0-5.5) (6.2-8.9) (11.7-16.1) (3.5-5.2) (11.2-14.3) (7.1-9.0)
Crustacea 7 4.3 2.5 0.4 1.9 9.7 2.6 9 4.4
(3.7-8.5) (1.7-5.5) (2.3-2.9) (0.5-2.4) (0.6-2.0) (8.7-11.1) (1.4-4.0) (6.3-21.0) (3.6-5.6)
Pelagic 73.1 69.5 81.1 96.4 72 43.8 28.4 51.4 76.9
(68.8-76.9) (67.3-71.8) (79.0-83.0) (94.7-97.6) (67.7-78.2) (37.3-45.0) (23.1-34.4) (44.0-57.9) (75.2-79.2)
Demersal 26.9 30.5 18.9 3.6 28 56.2 71.6 48.6 23.1

(23.1-31.1) (28.2-32.7) (17.0-21.0)  (2.4-53)  (21.7-32.3) (55.0-62.7) (65.6-76.9) (42.1-55.9) (20.8-24.8)
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also modifications over time concentrated in specific
portions of the curve, i.e. high variability over time
across the lower TLs (e.g. Sardinia) or higher TLs
(Gulf of Lion, with the exception of the last 2 yr), sug-
gestive of more targeted responses in the systems,
but no hypothesis of possible causes can be posed at
this level of analysis. Fig. 3 shows the different shape
between the first and the last year of the time series
for the Balearic Sea, Black Sea and Gulf of Lion; other
areas, such as the Adriatic, Aegean and Levant,
exhibited similar curve shapes between the begin-
ning and the end of the series.

Changes in the shape of the cumB-TL curve result
in differential effects on the estimated parameters. In
particular, the stretching of the curve generally pro-
duced a decrease in steepness. Subsequently, shifts
in steepness can either not affect the inflection point

level (TL) error samplings, respectively. Ae =
Aegean Sea, AS = Adriatic Sea, Ba = Balearic
Sea, BS = Black Sea, GoL = Gulf of Lion, IS =
Ionian Sea, LS = Levant Sea, Sa = Sardinia

2000 -
2010

(e.g. Gulf of Lion, with the exception of the last 2 yr)
or notably alter it as in the Balearic Sea. The implica-
tion of these shifting parameters is that certain driv-
ers have been impacting the system, albeit with dif-
fering responses.

Temporal trends (Figs. 4 to 6) highlighted that each
curve parameter showed specific patterns, depend-
ing on the area (Table 3). In general, basal biomass
appears to be relatively stable through time in almost
all of the areas, even if different mean values are
observed across the areas. The exceptions are the
Adriatic Sea and Sardinia, which exhibit higher
mean values (Table 3) and a higher inter-annual vari-
ability, with a peak in 2004 (Fig. 3). This parameter,
reflecting the catch composition, can be useful in
detecting changes in exploitation at the low TL
species level.
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The inflection point (with respect to TL) also
exhibits relatively low inter-annual variability, with a
notable pattern only in the Ionian, Levant and Sar-
dinia areas, which showed an increase in the 1990s
followed by a decline (Fig. 5). Steepness is the most
variable parameter, showing high variability across
the areas in terms of both mean values (Table 3) and
temporal dynamics. With the exception of the Ionian
and Levant areas, steepness showed periodical fluc-
tuations, culminating in a general decrease in the last
years (Fig. 6). This variability both within and among
areas could be useful in detecting the effects of exter-
nal drivers acting on the ecosystems.

The analysis for the entire Mediterranean showed
few temporal variations in the basal biomass and TL
inflection point but a more dynamic pattern for steep-
ness, thus confirming patterns observed at the indi-

TL error samplings, respectively. Ae = Aegean

Sea, AS = Adriatic Sea, Ba = Balearic Sea, BS =

Black Sea, GoL = Gulf of Lion, IS = Ionian Sea,
LS = Levant Sea, Sa = Sardinia

2000
2010

vidual area level (Fig. 7). All 3 parameters showed 2
clearly distinguishable periods, i.e. before and after
the beginning of the 1990s. The second period is
characterized by a decrease of steepness, an increase
of basal biomass (peaking at the end of the 1990s)
and a rather stable trend of the inflection point with
only a slight increase in the last years.

Uncertainty analysis

Results of the uncertainty analysis showed limited
differences in terms of both direction and range of
variation in parameter estimates relative to nominal
estimates (Figs. 4 to 6), even if with some exceptions
(see the case of basal biomass in Sardinia). This indi-
cates that the method can be considered sufficiently
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robust to possible ‘sampling errors’ in terms of the TL
attribution. In general, the dispersion estimated by
the Monte Carlo analysis is proportional to the differ-
ence between mean values obtained from the uncer-
tainty analysis and nominal values. The salient point
is that TL assignment did not affect the trend detec-
tion capability.

Explanatory variables and relationships with
curve parameters

The GAMM analysis had the same optimal random
structure for the 3 curve parameters in all areas, with
a first-order autocorrelation term and a random inter-
cept term. The proportion of explainable variance was
approximately 40% for all parameter combinations.
All results in terms of the response shape between

Sea, Ba = Balearic Sea, BS = Black Sea, GoL =
Gulf of Lion, IS = Ionian Sea, LS = Levant Sea,
Sa = Sardinia

2000 -
2010 -

Table 3. Mean values (+SD) of curve parameters (average
1970 to 2010) obtained by fitting raw data in the 8 areas and
in the entire Mediterranean Sea

Area Basal biomass Inflection point Steepness
Adriatic Sea  0.24 +0.08 3.04 £ 0.02 5.39 = 1.07
Aegean Sea  0.04 + 0.04 3.03 £0.01 272+ 0.77
Balearic Sea 0.01 +0.01 3.02 £0.03 6.74 = 2.40
Black Sea 0.05 +0.03 3.08 £ 0.02 9.31 +2.87
Gulf of Lion  0.04 +0.04 3.03 +0.04 571 +1.91
Ionian Sea 0.03 £ 0.03 3.16 £ 0.04 1.23 £ 0.27
Levant Sea 0.01 £ 0.02 3.23£0.05 0.98 £0.19
Sardinia 0.11 £ 0.10 3.11 £ 0.04 1.71 +0.98
Mediterra- 0.07 + 0.02 3.06 £ 0.01 4.65+1.55
nean Sea

each curve parameter and the different drivers are re-
ported in the Supplement (Figs. S1 to S4); Table 4
summarizes only those that are significant.
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Fig. 7. Temporal trend of the curve parameters estimated for

the entire Mediterranean Sea. (A) Basal biomass; (B) inflec-

tion point (trophic level, TL); and (C) steepness. Blue dots

are the original values; rhombi and whiskers represent the

mean and standard deviation of the uncertainty analysis

simulating TL error samplings, respectively; dotted lines
show Mediterranean means

Basal biomass was related to mean area depth in
both the long and short time series analyses, imply-
ing an increase of the incidence of herbivorous and
detritivorous taxa (TL < 2.5) in total catches in shal-
lower seas. Commercial species at such TLs are usu-
ally benthic invertebrates that are mainly exploited
in shallow fishing grounds (Table 4).

The inflection point (with respect to TL) was posi-
tively correlated with the area surface in both the
short and long analyses and also with the L-index in

the short time series (Table 4). The L-index can be
considered a measure of fishing pressure, and the
total surface of the area can be interpreted as a proxy
for the availability of fishing grounds, which can be
interpreted either as allowing fishermen to have a
broader fishing area or as increasing the incidence of
higher TL species in the catches. This implies that the
inflection point seems to be largely related to fishery-
driven considerations. The inflection point was stable
through time and, hence, was used as an estimate of
the overall fishing effects (see significant relationship
with the L-index; see Table 4).

Steepness was negatively correlated with area lat-
itude and positively correlated with maximum depth
in the long time series analysis (sea surface tempera-
ture [SST] and L-index are marginally significant at
the 0.1 p-level); it was positively correlated with SST,
chl a and L-index in the short time series (Table 4).
This parameter is a measure of 'dispersion’ of catches
around the TL of biomass accumulation. As a con-
sequence, it is reasonable to expect that the para-
meter is simultaneously affected by both bottom-up
environmental (geographic and primary production)
and top-down anthropogenic (fishery-dependent)
drivers.

DISCUSSION

Emergent properties deserve particular attention
in the development of indicator frameworks. Gunder-
son & Holling (2002) note that emergent ecosystem
properties can be considered stable and robust fea-
tures through both space and time. As suggested by
the goal functions theory (Miller & Leupelt 1998),
these are the objectives that tend to be optimized and
saturated in all ecological systems (Cropp & Gabric
2002). From this perspective, indicators based on
these emergent properties are expected to be quite
effective in detecting significant state variations of
complex systems such as these Mediterranean eco-
systems.

In particular, total system biomass is quite a conser-
vative property, changing very slowly through time
in a wide variety of ecosystems (Holling et al. 1995).
This is directly linked to both (1) species functional
redundancy (Peterson et al. 1998, Loreau et al. 2002),
which allows a species to substitute for another in the
same ecological role; and (2) the homeostatic capa-
bilities of food webs, which can react to external per-
turbations by rearranging the topology (links and
nodes) and energy flows (McCann & Rooney 2009,
Vallina & Le Quéré 2011). As these properties tend to
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Table 4. Correlation between curve parameters and external drivers (only pa-
rameters showing significant relationships are reported). The analysis was
carried out for all systems combined, with and without chl a (i.e. short and long
time series, respectively). +: significant (p < 0.05) positive relationship; —:
significant (p < 0.05) negative relationship; (+): significant (p < 0.1) positive
relationship; Chl a: chlorophyll concentration; SST: sea surface temperature;

TL: trophic level

drivers, collectively appear to capture
different aspects of ecosystem func-
tioning. They also appear to exhibit
different responses to changes in eco-
system state, all desirable features for
ecosystem indicators (Rice & Rochet

Area Area Area Area
depth sur- max. lati-
face depth tude

Curve parameter

SST Chla L-

2005, Link et al. 2010).

For instance, the basal biomass for
the Mediterranean appears to repre-
sent a measure of the prevalence of

index

Without chl a

Basal biomass -

Inflection point (TL) +

Steepness - + (+)
With chl a

Basal biomass -

Inflection point (TL) +
Steepness +

herbivorous and detritivorous species
as part of total biomass. As such, it
+ can be considered a structural param-
+) eter related to both fisheries dynam-
ics and features of the area, particu-
larly depth. Within the context of the

" i present application to the Mediter-

ranean Sea, this parameter was typi-

be conservative because of the resilience of eco-
logical systems (sensu Holling 1996), detecting
changes to them could be difficult and, once detec-
ted, could be too late for mitigation or recovery
(Gunderson & Holling 2002). In this context, it is cru-
cial to understand which types of drivers an indicator
is sensitive to and how robust an indicator is in rela-
tion to modifications of the external conditions and/or
the system state.

Meaning of indicators derived from biomass
accumulation across TLs

The analysis of the biomass distribution across TLs
(cumB-TL) combines 2 of the most important emerg-
ing properties of an ecosystem (energy structure and
storage, expressed as biomass), allowing for an im-
provement in the ‘resolution power' of the indicator.
Indeed, within the context of the relationship be-
tween diversity and ecosystem functioning (Chapin
et al. 1997, Tilman et al. 1998, Schwartz et al. 2000,
Naeem 2002, Micheli & Halpern 2005), we re-
commend further analysis of ‘functional diversity’
related not to taxonomic but to system operational
categories. In a trophodynamic context, these cate-
gories would be better defined in terms of trophic
composition (‘vertical diversity’, Duffy et al. 2007)
and then combined with an emergent property, such
as what we have shown here as system biomass.
From our work, we note that the metrics associated
with the cumB-TL curve encapsulate a suite of real-
ized ecosystem functions. The 3 curve parameters,
which are differentially sensitive to different external

cally quite stable through time, with
similarly low values across different areas. This indi-
cates the rare occurrences of lower TL invertebrates
in catches. However, for those parts of the Mediter-
ranean where there was a somewhat higher preva-
lence of lower TL invertebrates in the catch, this
parameter readily captured such distinctions across
areas. This is also true for temporal dynamics.
Accordingly, the trend recorded for the Adriatic Sea
can be explained by the high level of bivalve
exploitation (mainly razor and striped Venus clams),
with a peak recorded at the end of the 1990s followed
by a decrease of the resource (Romanelli et al. 2009).
The variations in basal biomass over time in the Sar-
dinia area are mainly related to mussels that for a
period were considered within the landings statistics
by FAO. These examples show the capabilities of
basal biomass to capture the changes in the landings.

The inflection point represents an estimate of
the TL at peak catches. The parameter is, at least
in the Mediterranean, mainly fishery-driven, given
its association with proxy variables for fishing emerg-
ing from the GAMM analysis. The parameter was
also mostly stable through time and can be inter-
preted as an indicator of overall fishing effects (e.g. to
assess the presence of fishing down effects; Pauly et
al. 1998).

Steepness synthesizes environmental and anthro-
pogenic processes; it is the parameter that integrates
across the cumB-TL curve, measuring the strength of
biomass accumulation. In this case, a flattening of the
cumB-TL curve (resulting in a decrease of the steep-
ness) can be considered a negative response of the
ecosystem to both natural and anthropogenic drivers.
The parameter was significantly correlated to 2 driv-
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ers, chl a and SST, which are important in determin-
ing the production regime of the system, similar to
high-latitude systems (Pranovi et al. 2012).

Regarding temporal dynamics, the steepness and
inflection point showed an inverse pattern, but both
indicators exhibited the highest variability in the
areas known to have experienced the most perturba-
tions. Inflection points showed high temporal vari-
ability in the 3 areas (Ionian Sea, Levant Sea, Sar-
dinia) that presented a peak in landings at the end of
the 1980s and beginning of the 1990s, which might
be related to the peaks in exploitation. Steepness, on
the other hand, showed a pattern more clearly
explainable with broad ecosystem changes. In the
Adriatic Sea, the steepness pattern appeared to high-
light the crisis at the end of the 1980s and a slow
recovery in the following period; in the Balearic Sea,
the pattern showed a decrease of environmental
‘quality’ in the last decade as highlighted in previous
works (e.g. Coll et al. 2006); and in the Black Sea, the
readily observed dramatic reduction in steepness is
connected with the regime shift recorded for 1988 to
1989, in relation to the ctenophore alien species inva-
sion (Daskalov 2002).

Uncertainty and reliability of indicators derived
from CumB vs. TL

The use of trophic composition analysis, applied to
landings data in particular, is still a highly debated
issue (Branch et al. 2010). That general debate raises
concerns about the difficulties of correctly assigning
a TL to different taxa because of the high observed
variability of diet in both time (e.g. ontogenetic shifts)
and space plus concerns over using landings data to
represent biomass of 'real communities’ (see Pauly et
al. 2013). We trust the work here reasonably ad-
dresses and even mitigates some facets of these con-
cerns. In particular, the sensitivity analysis showed
little change in response across levels of TL assign-
ment, suggesting that at least this method is robust to
these TL assignments. The sensitivity analysis, in
fact, revealed some level of robustness in relation to
possible ‘sampling errors’ in the TL assignment to
different taxa, showing that the main features of the
temporal dynamics are maintained for the 3 para-
meters estimated from cumB-TL curves. Neverthe-
less, differences in sensitivity were detected among
curve parameters, with the inflection point more sta-
ble than steepness and basal biomass. Regarding the
representativeness of real communities, it has to be
considered that landings could be biased by different

factors. Unreported catches, missing entire compart-
ments or key species simply not targeted by fisheries
(such as many lessepsian species) all represent
important issues in the Mediterranean Sea. From an
ecosystem services perspective, however, the quality
of a supplied service (in this case, the exploitable bio-
mass) is directly dependent on the ecological status,
and analysis of landings variations through time can
be considered a proxy of the entire system function-
ing. In addition, landings often represent the only
data source available on a time series basis.

Until now, the biomass accumulation across TL
method has been applied to survey data (Pranovi et
al. 2012) and model output data (Link et al. 2012b).
Yet the patterns shown here are similar to those
observed for fishery-independent data (Pranovi et al.
2012, Pranovi & Link 2009, Link et al. 2012b), sug-
gesting that this approach can readily use a wider
range of data to capture main emergent ecosystem
properties. The consistency of the pattern with that
emerging from the use of other kinds of data (Pranovi
et al. 2012, Pranovi & Link 2009, Link et al. 2012b)
may also indicate an inherent robustness of the
cumB-TL method. Further, these curves were esti-
mated in terms of relative biomass values, mitigating
possible effects on landings data as representative of
biomass. Therefore, parameters estimated on relative
curves were comparable in both space and time,
even in the absence of reliable data on the fishery
features to correct for the absolute value of landings.
The consistency of the biomass accumulation pattern
across TLs, independent of the type of data used (e.g.
fishery-independent or fishery-dependent), may also
be viewed as a confirmation that, to some extent,
landings represent a reliable proxy for understand-
ing changes in exploited marine communities (sensu
Pauly et al. 2013).

The patterns we observed highlight the presence
of biomass accumulation at intermediate TLs (be-
tween TL 2.8 and 3.3), confirming previous findings
(Pranovi et al. 2012) and theoretical expectations
(Link et al. 2009). General patterns for cumB-TL
curves were consistent in both space (across the 8
analyzed areas) and time (through the entire time
series, 1970 to 2010), but the indicators were able to
capture spatiotemporal dynamics in terms of catch
composition, which can also reflect dynamics of the
trophic structure. Collectively, this provides further
evidence that the biomass accumulation patterns at
intermediate TLs can be considered an emerging
property in all marine ecosystems, as suggested by
Pranovi et al. (2012) and Link et al. (2012b). Emer-
gent properties from the general cumB-TL curve
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pattern (i.e. estimated curve parameters as basal
biomass, inflection point and steepness) may be suit-
able as ecosystem indicators. The method used here
for defining such indicators has the advantage of
being applicable in many situations where only rudi-
mentary fishery statistics are available (Pauly et al.
1998, Pauly & Maclean 2003). This would be of
particular interest in areas characterized by high
ecological heterogeneity and great differences in
availability of scientific information, such as the
Mediterranean Sea.

The comparison of these findings to those from
high-latitude ecosystems (Pranovi et al. 2012) sug-
gests some differences in biomass accumulation pat-
terns. Biomass accumulation in the Mediterranean
areas is lower than that in high-latitude ecosystems,
as seen in the values of inflection point and steep-
ness. Although the value of these parameters can be
partially related to the type of data used (fishery-
dependent vs. fishery-independent), an important
interpretation may also lie in the differences in eco-
system structure across types of ecosystems and
areas. Higher latitude systems should have a higher
accumulation of biomass because their food webs are
relatively simpler and the mean size of species is
larger (e.g. see Heymans et al. 2012). Yet despite dif-
ferences in actual values of these parameters, one
common feature remains across the different types of
ecosystems; the present work confirms findings
reported in Pranovi et al. (2012) that fishing can
notably affect the structure of marine ecosystems,
with significant and detectable impacts on inflection
point and steepness of the cumB-TL curve. However,
contrary to previous findings from other ecosystems
(Pranovi et al. 2012), the Mediterranean climate
proxies (such as the North Atlantic Oscillation and
different Mediterranean Oscillation indices) did not
seem to play a direct role in affecting the cumB vs. TL
curve shape. This could be related to the complicated
effects of climatic changes on the Mediterranean
area that can be only partially summarized by these
proxies. That SST was related to the dynamics of
these parameters in the Mediterranean suggests that
there may indeed be some environmental relation-
ships, which we have not fully captured here.

Potential indicators for ecosystem-based
management

The cumB-TL curve and associated parameters
demonstrated strong potential as good candidates for
ecosystem indicators in an ecosystem-based man-

agement context. They showed desirable features
such as low sensitivity to possible errors in assigning
the TLs and a differential sensitivity to external driv-
ers. Moreover, as noted above, we document that the
cumB-TL approach is feasible using landings data.
Thus, the associated parameters can be applied to
different kinds of data (fishery-dependent and
fishery-independent), making this approach widely
applicable to a broader range of data sources. The
approach is a relatively simple treatment of readily
available data and does not require extensive food
web modelling. This approach clearly captured
modifications to catches over time as emergent in the
ecosystem-level indicators. General expectations
such as the flattening of cumB curves in relation to an
increase of anthropogenic impacts (Link et al. 2009)
were confirmed. For instance, the known regime
shift recorded for 1988 to 1989 in the Black Sea
(Daskalov 2002) was readily observed as a dramatic
reduction in steepness for that system; similar pat-
terns were observed for the Gulf of Lion in the last
2 yr, probably due to the sharp decrease of small
pelagic abundance recorded in the area (European
Commission 2010).

Even if a complete disentangling of drivers and
responses is not possible, some discrimination be-
tween natural and anthropogenic parameters was
discernible. Steepness was largely affected by envi-
ronmental variables, whereas the inflection point
was mostly fishery-driven. From this, we divide the 8
areas into 2 groups: (1) systems with almost stable
steepness and high variability in the inflection point
(Ionian Sea, Levant Sea and Sardinia), probably
affected mainly by variations in the fisheries; and (2)
systems showing high variability in steepness and a
stability in the inflection point (Adriatic Sea, Balearic
Sea, Black Sea, and Gulf of Lions), for which an effect
of environmental drivers can be invoked. The ability
to discriminate across main ecosystem drivers is not a
trivial outcome when establishing indicators.

The comparison between results obtained at the
regional (single area) and large marine ecosystem
(LME; entire Mediterranean) scales highlighted the
importance of the adoption of a refined, spatially
explicit approach, since the analysis at the larger
scale (LME) could often result in not only a loss of
information (missing significant trends) but also mis-
leading conclusions. For instance, contrasting indica-
tor dynamics at regional scales that have significant
ecological meaning can be lost when looking at
aggregated values at the scale of the Mediterranean,
missing the ability to detect ecological changes. As
an example, the basal biomass and inflection point
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analyzed at the Mediterranean level showed a stable
pattern, suggesting a quite resilient situation in rela-
tion to fishing impact. Yet individual areas showed
significant temporal variability. Steepness for the
entire Mediterranean showed 2 clear phases before
and after 1990, again suggesting a kind of ecological
stability, at least on a decadal basis. Recent analyses,
however, demonstrated exploited populations in
recent times in some areas (Colloca et al. 2011), in
agreement with our regional findings. Moreover,
spatial heterogeneity in management planning
always has to be taken into account (Giakoumi et al.
2013); thus, the regional (sub-area) scale also war-
rants examination.

As with other trophodynamic indicators that have
been proposed and that are in development (Bundy
et al. 2005, Coll et al. 2008, Libralato et al. 2008,
Link et al. 2009, 2010, Shannon et al. 2010, Shin et
al. 2010a), additional simulation and uncertainty
testing is warranted before their use can become
fully operational. Yet the cumB-TL parameters show
promise as useful indicators in the context of MSFD
Descriptor 4. Within this context, the proposed indi-
cators seem to match many of the criteria suggested
for ecosystem indicators selection (see Rice & Rochet
2005), as they are applicable to different kinds of
data (from landings to model outputs), responsive
on an appropriate time scale and offer the opportu-
nity to define the magnitude and direction of
change. For instance, these indicators can be ana-
lyzed to define relationships with the GES and the
analysis of several systems with known status or
with time series of known ecological status trajecto-
ries that will allow the development of thresholds.
Thresholds could be defined by comparatively ana-
lyzing a couple of indicators (e.g. inflection point vs.
steepness) for a large set of systems in which the
ecological state is known. This will identify refer-
ence levels or at least values of the indicators that
we want to avoid.

Evaluating thresholds was beyond the scope of the
work here; nevertheless, desirable directions of
change for these indicators have been highlighted.
This represents an important first step that can be
useful in systems for which reference conditions are
lacking or difficult to determine, as is often the case
for the application of some GES indicators by EU
member states.

Several regulations (Habitats Directive 92/43/EC,
WFD 2000/60/EC, MSFD 2008/56/EC) and agree-
ments (including the Madrid Protocol and ICZM)
require the implementation of ecosystem-based
management that will necessarily require a suite of

robust indicators able to describe the ecosystem
state. Particularly interesting are indicators that
allow discrimination, at least partially, between dif-
ferent external drivers (e.g. natural vs. anthro-
pogenic pressures). Therefore, we are confident that
the measures proposed here represent a useful step
towards that end.
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