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Abstract

Opisthonema libertate (Pacific thread herring) and Cetengraulis mysticetus (Pacific anchovy) are the two most
important herring stocks exploited in the south- eastern Gulf of California (SGC). The certification of these stocks is currently
planned for achieving sustainable fisheries. This study analysed the role of these two species in the structure, organization and
functioning of the ecosystem in this region. Twenty-four indicators of the ecosystem’s structure and its organization were
obtained based on the output of an Ecopath model of the SGC. The relationships of the functional groups with the
ecosystem’s indicators were identified using multivariate statistical techniques, and the results indicated similar roles for the
Pacific thread herring and the Pacific anchovy in the ecosystem of the SGC. Both species make large contributions to the
maintenance of the ecosystem’s order (i.e., its structure and organization). These results are directly related to one of the
criteria that are evaluated by the Marine Stewardship Council’s certification process. Defining the remaining biomass level at

sea after fishing would guarantee the sustainability of fisheries in the ecosystem.
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Introduction

Herring fisheries in Mexico represent 30% of the
national catch and 10% of the economic value (DOF,
2012). In the southeastern Gulf of California (SGC),
large fluctuations in herring catches have been
recorded since 1970 which are related to
environmental variability in this area (Jacob-
Cervantes, 2010). The fishery of Monterrey sardine
Sardinops sagax (Jenyns, 1842) in the Gulf of
California is certified by the Marine Stewardship
Council (MSC), and this certification is planned to be
expanded to other small pelagic species. This species
group is important for ecosystem dynamic and plays a
wasp-waist role in energy flow control (Bakun,
Babcock & Santora, 2009).

Two species are the main components of the
catch in the SGC: The Pacific thread herring
(Opisthonema libertate (Giinther, 1867), with small
contributions of Opisthonema bulleri (Regan, 1904)
and Opisthonema medirastre Berry & Barrett, 1963)
and the Pacific anchovy (Cetengraulis mysticetus
Gunther, 1868). The management of the herring
fishery (including the Pacific thread herring and the
Pacific anchovy) is based on the Monterrey sardine,

which is the most important species in the entire Gulf
in terms of landings. The management measures
consist of setting limits on the vessels and minimum
legal sizes (DOF, 1993), but they do not consider the
species landing structure or its spatial differences.
Costanza et al. (1998) suggest that proper
management measures must consider the ecosystem
perspective and particularly environmental changes
and trophic interaction within an ecosystem, which
are highly relevant for wasp-waist species.

The current MSC certification processes may
play an important role in achieving sustainable
fisheries (Ponte, 2008; Gulbrandsen, 2009). In this
context, knowledge of the ecological role of the
species caught by fishing vessels is one of the criteria
assessed in the MSC certification process, in addition
to other criteria related to stock, harvesting rates,
reference points and defining specific objectives for
the fishery. This contribution focuses on the analysis
of the ecological role of the Pacific thread herring and
the Pacific anchovy in the ecosystem of the SGC,
using holistic indicators that describe the structure and
function of the ecosystem.
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Materials and Methods
Study Area

Data from a previously published mass-balanced
model of the SGC ecosystem was used (Hernandez-
Padilla, 2012; supplementary material). The study
area considered in the model is located in the
southeastern region of the mouth of the Gulf of
California off the coast of northern Nayarit and
southern Sinaloa in Mexico (Longitude 22° to 24.5°
and Latitude -108° to -105°; Figure 1). This region is
influenced by the following two bodies of surface
water, which have unique characteristics in terms of
their dynamics, productivity and structure: 1) water
from the Tropical Pacific (Temperature >25°C and
salinity <34%o), and 2) water from the Gulf of
California (Temperature 21°-31°C and salinity >34%o)
(Lavin & Marinone, 2003).

Input Data

The model represents the ecosystem state in the
years 2006 and 2007 and considered 39 functional
groups (Hernandez-Padilla, 2012): 21 fish (including
the Pacific thread herring (Opisthonema libertate) and
the Pacific anchovy as individual functional groups),
12 invertebrates, 2 primary producers (phytoplankton
and macrophytes), one birds, one sea turtles, one
zooplankton and one detritus. A matrix of 24
ecosystem’s indicators for each functional group was
constructed to define the ecological role of the Pacific
thread herring and the Pacific anchovy. Ecosystem’s
attributes were used as structural and ecosystem-
organization indicators, particularly the degree of
order (Ulanowicz, 2009).

Indicators of Structure and Function

Attributes revealing the importance of the

functional groups in the structure of the ecosystem
were considered as structural indicators, including the
following indicators by functional group: biomass (B),
trophic level (TL), production/biomass (P/B),
consumption/biomass (Q/B), production/consumption
(P/Q), respiration (R), production/respiration (P/R),
respiration/assimilation (R/As), respiration/biomass
(R/B), and omnivory indicator (Ol). In addition, four
indicators were calculated using the consumption
matrix based on the Ecopath model outputs: degree
(Dj), closeness (CC;), betweenness (BC;) and keystone
species (K). The D; is considered the simplest
measure of centrality; it quantifies the number of
connections between groups and expresses how they
are connected to the rest of the trophic network. The
indicator was calculated as follows (Jordan, Benedek
& Podani, 2007):
D; = Dini + Doyt

where D; is the degree of group i, Dy,; is the
number of connections between a consumer group
and its prey, and D, ; is the number of connections
between a group and its predators.

CC; indicator quantifies the number of
connections or flow routes between a given group and
all other groups (Wasserman & Galaskiewicz, 1994).
The CC; index measures how close a group is to the
other groups. The standardized indicator for group i
(CCj) was calculated by the following equation
(Junker and Schreiber, 2008):

N
cc, =N—1/2dij
=1

where i # j, and d;; is the length of the
connection between groups i and j in the trophic
network.

The BC; indicator quantifies the positional
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Figure 1. The study area (black area), including the ecosystem in the southeastern Gulf of California off the coast of
northern Nayarit and southern Sinaloa in Mexico (Latitude: 222-24.52, Longitude: -105° -108°).
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significance expressed as the frequency with which
group i appears in the shortest pathways or trophic
routes between each pair of functional groups
(Wasserman &  Galaskiewicz, 1994). The
standardized index for group i (BC;) was calculated as
follows (Junker & Schreiber, 2008):

BC; =2 -Zg,-k (i)/gik/(N -DIN-2)

j<k

where i # j or k, gj is the shortest number of
paths or trophic routes between the groups j and k, g,
(i) is the number of short routes in which group i has
an influence, and N is the number of functional
groups.

The K indicator expresses the relative
importance of each group by its participation in the
system flows relative to its biomass. K for the species
i was calculated as follow (Jordan et al. 2007):

NgE

Ki= ) 1/d(1+Koo) + ) 1/fe (1+Ky)
e=1

c=1

where n is the number of predators consuming
species i, d.. is the number of prey of the predator, Kj,.
represents the trophic effects from the bottom to the
top of the trophic network of each predator, m is the
number of prey consumed by species i, f, is the
number of predators of one prey, and K, represents
the top-down trophic effects of the trophic network of
the prey. K indicator emphasizes the vertical effects
on the horizontal, such as the effects of the trophic
cascade (Jordan et al. 2007).

Indicators of Organization and Degree of Order

The ecosystem’s order indicators were based on
the concepts formalized by Ulanowicz (1986), such as
the ascendency (A;), development capacity (C),
overhead (@), average mutual information (AMI) and
the effective number of roles (Ro). A; quantifies the
level of system activity and the degree of its
organization and development (Ulanowicz, 2000) and
it is sensitive to environmental changes (Mageau,
Costanza & Ulanowicz, 1998). A; is calculated by
Ulanowicz and Norden (1990) as follows:

iLj

where T represents energy flows, i and |j
represent the prey and predator, respectively, and the
symbol - represents the sum of the flows for all prey
or all predators based on their position in the notation;
for example, T.; represents the flows of all prey to
predator j and TST is the Total System Throughput
and represents the growth of the ecosystem in terms

of energy flow.

C; is the highest possible value of A; in the
system, and @ is the difference C; — A;. ® represents
a measure of the energy reserve of an ecosystem for
the response to disturbances. The principal component
of @ is the redundant flows that are considered
indicators of resilience (Baird & Ulanowicz, 1989).
The overhead is calculated as follows:

ij

The AMI measures the organization of the
exchanges among different functional groups of the
ecosystem. An increase in AMI signifies that the
system is becoming more constrained and is
channeling flows along more specific pathways
(Ulanowicz & Abarca-Arenas, 1997). The AMI was
calculated as follows (Ulanowicz, 1986):

AMI = Z(T”/ T )log(TyT./T.T,)

ij

The effective number of roles (Ro) is a measure
of the degree to which the system has become
differentiated into distinct function: logR = AMI
(Zorach & Ulanowicz, 2003). (Ro) was calculated for
each group as Ro = e4M!,

Changes in the degree of the ecosystem’s order
can be expressed as the relative ascendency ratio
(AJ/C) (Platt, Man & Ulanowicz, 1981). The
ecological role of the Pacific thread herring and the
Pacific anchovy was analysed by using tree indicators
proposed by Riofrio-Lazo, Arreguin-Sanchez, Zetina-
Rejon and Escobar-Toledo (2013) which were
obtained by simulating the extraction of each group i
and re-estimating the ecosystem order. The A/Cey, IS
the relative change in the ascendency expresses the
system order without group i. The ((A/C)exi/(Ai/Cy)) is
the relative change in the system’s order due to the
absence of group i with respect to the original order
(A/C)). The A.lAq is the relative change in the
ascendency due to absence of group i with respect to
the original ascendency. These indicators describe the
topology and energy flows between the species in the
food web.

Data Analysis

A multicollinearity analysis was performed
among the 24 indicators, thus some of them were
discarded when the variables showed a correlation of
0.9. Then, the similarity between the structural and
organization indicators was estimated and verified
using a non-metric multidimensional scaling (MDS)
test. This analysis was performed using the Bray-
Curtis similarity indicator. The MDS represents all
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indicators in two dimensions such that the relative
distances between all points are within the same rank
order. The indicators that are more similar to each
other are compared with those farther away (Clarke &
Gorley, 2006). Additionally, a principal component
analysis (PCA) was conducted using the same
indicators, which summarized the information about
the structural and organization ecosystem’s indicators
for each functional group according to its variation.
The values of all indicators were previously
standardized. The Spearman’s rank correlation
coefficient was applied using only those indicators
that are related to the Pacific thread herring and the
Pacific anchovy (TL, ((A/C)exi/(Ai/Ci)), AlCei, Di,
Ai/C;and Biomass). However, only those relationships
that contributed to the description of the ecological
role of the Pacific thread herring and the Pacific
anchovy were plotted.

Results

The input and estimated data from the Ecopath
model are described in the supplementary
information. Table 1 shows the values of the
structural, functional and organization ecosystem’s
indicators for each functional group which were used
in this analyses.

In general, the biomass and the effective number
of roles (Ro) of the functional groups were higher in
the lower trophic levels and decreased towards the
higher trophic levels. The Ol was higher in the
intermediate trophic levels (TL=2.4 to 2.7), which
suggests that the Scorpaenidae/Triglidae,
Polynemidae/Mullidae and Sciaenidae groups had a
higher diversity in their diet than the other groups.
Detritus had the highest number of connections
(related to D;) and also supplied important

Table 1. Indicators for the SGC ecosystem for each functional group used in the analysis to identify the ecological role of

the Pacific thread herring and the Pacific anchovy

Functional group TL B PB QB P/Q Ol R R/IAs PR RB D; CC; BCG;
1 Coryphaenidae 350 036 085 343 025 013 069 069 045 190 0.55 0.07 0.04
2 Lutjanidae 330 015 092 789 0.12 015 083 085 0.17 539 0.32 0.00 0.00
3 Synodontidae 329 021 205 852 024 022 101 070 043 477 0.24 0.00 0.00
4  Birds 323 002 039 8870 000 014 148 099 0.01 7057 0.16 0.00 0.00
5 Rajiformes 318 038 094 702 013 006 176 083 0.20 4.68 0.24 0.20 0.02
6 Palinura 3.14 1123 010 270 0.04 0.07 23.08 095 0.05 206 0.18 0.07 0.01
7  Cephalopoda 314 001 093 758 012 023 004 085 018 513 053 041 0.03
8 Cheloniidae 313 006 120 728 0.17 016 028 079 0.26 4.62 0.32 0.03 0.01
9  Scombridae 312 014 119 1195 0.10 009 116 0.88 0.14 837 0.13 0.06 0.01
10 Serranidae 311 001 451 1798 025 005 011 069 046 988 0.26 0.16 0.01
11 Tetraodontidae 310 011 174 977 018 021 068 078 0.29 6.08 029 0.11 0.01
12 Pleuronectiformes 307 067 144 477 030 020 159 062 0.61 238 040 0.08 0.01
13 Carangidae 306 1.04 0.88 1040 008 0.06 771 090 0.12 7.44 0.26 0.06 0.01
14 Centropomidae 3.00 047 114 505 023 017 137 072 039 290 0.18 0.00 0.01
15 Coelenterata 298 120 3.18 1099 029 016 6.72 0.64 057 562 0.18 0.29 0.01
16 Ariidae 284 113 081 848 010 021 6.75 088 0.14 597 0.26 0.06 0.00
17 Portunidae 280 047 25 659 039 032 127 051 095 271 040 0.20 0.00
18 Scorpaenidae/Triglidae 2.79 0.05 0.99 755 0.13 035 027 084 020 5.05 0.13 0.06 0.00
19 Polynemidae/Mullidae  2.71 031 092 851 0.11 041 183 087 0.16 589 0.21 0.03 0.01
20 Sciaenidae 244 111 105 6.23 017 033 435 079 027 394 016 0.11 0.00
21 Mugilidae 240 026 094 1646 006 027 315 093 0.08 1223 0.24 0.08 0.00
22 Echinodermata 239 007 104 338 031 030 011 062 0.62 1.67 0.42 0.09 0.02
23 Gerreidae 234 150 099 939 011 030 977 087 015 653 0.16 0.06 0.00
24 Bivalvia 223 470 265 1067 025 019 2763 0.69 045 5.88 042 032 0.01
25 Penaeidae 220 249 526 2022 026 016 27.14 0.68 0.48 1091 050 0.42 0.02
26 Other fish 218 249 154 741 021 017 1091 0.74 035 438 050 0.38 0.03
27 Haemulidae 214 149 097 739 013 014 737 084 020 494 0.21 0.06 0.00
28 Stomatopoda 212 003 232 934 025 016 013 069 045 515 032 031 0.03
29 Zooplankton 206 2239 1895 87.81 0.22 0.06 1148.76 0.73 0.37 51.30 0.50 0.50 0.01
30 Other macrocrustacean  2.06 1579 129 6.23 0.21 0.06 5835 0.74 035 3.69 0.74 0.68 0.01
31 Porifera 203 29.13 1.06 12.89 0.08 0.03 269.50 0.90 0.11 9.25 0.16 0.14 0.00
32 Polychaeta 202 023 1.60 1243 0.13 0.02 189 084 019 834 0.34 0.36 0.00
33 Other cupleoidae 202 0.09 189 49 038 002 019 052 091 207 0.16 0.15 0.00
34 Cetengraulis mysticetus 2.02 4.11 590 26.58 0.22 0.02 6318 0.72 0.38 1536 0.16 0.27 0.00
35 Opistonema libertate 200 167 148 1187 0.13 000 1341 084 0.19 802 0.13 0.08 0.00
36 Gastropoda 200 0.03 343 1645 021 000 024 074 035 973 0.24 0.25 0.00
37 Phytoplankton 1.00 59.62 3556 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.52 0.00
38 Macrophytes 1.00 8747 7.18 0.00 0.00 0.00 000 0.00 0.00 0.00 0.37 0.55 0.00
39 Detritus 100 412 000 000 000 031 000 0.00 0.00 0.00 0.61 0.67 0.00
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Table 1. Continued
Functional ; i il Ci ; i (A/Cexi

group K TST AMI Ro Ai Ci AilC; () (A/C)exii Aexiil Ao I(AJC)
1 Coryphaenidae 0.49 1.24 196 712 243 17.49 0.14 15.06 0.33 3744.93 2.39
2 Lutjanidae 0.34 1.21 122 338 225 2381 0.09 14.75 0.33 6198.80 3.66
3 Synodontidae 0.10 1.80 125 349 147 16.22 0.09 21.56 0.33 4046.67 351
4 Birds 0.46 1.86 136 389 253 2352 0.11 20.99 0.33 3593.91 3.08
5  Rajiformes 0.73 2.64 120 330 3.6 3254 010 29.38 0.33 2880.85 3.42
6  Palinura 0.22 30.28 128 358  0.07 1.05 0.14  228.80 0.33 234.44 2.31
7 Cephalopoda 0.03 0.06 124 345 3863 26750  0.07 0.98 0.33 12738153  4.86
8  Cheloniidae 0.03 0.44 203 758  0.89 6.69 0.13 5.80 0.33 10252.79 250
9  Scombridae 0.06 1.66 143 417 020 3.33 0.11 19.51 0.33 3834.98 3.06
10  Serranidae 0.02 0.20 100 271 237 21.88 0.06 3.13 0.33 4593391  5.56
11  Tetraodontidae 0.19 1.09 182 617  1.99 15.41 0.13 13.42 0.33 4567.11 2.56
12 Pleuronectiformes 0.25 3.19 203 761 647 41.27 0.16 34.80 0.33 1404.95 2.11
13 Carangidae 0.37 10.77 138 39 1481 111.90 0.3 97.12 0.33 613.12 251
14  Centropomidae 0.06 2.39 111 305 266 29.99 0.09 27.33 0.33 3416.93 3.74
15  Coelenterata 0.04 13.14 189 664 2488 14170 018  116.80 0.33 364.56 1.89
16  Ariidae 0.23 9.59 123 343 1181 10040 0.12 88.64 0.33 769.12 2.82
17 Portunidae 0.27 3.09 185 635 570 41.70 0.14 36.00 0.33 1593.51 242
18  Scorpaenidae/Triglidae  0.01 0.40 1.48 4.37 0.59 6.09 0.10 5.50 0.33 15414.44 3.42
19  Polynemidae/Mullidae ~ 0.14 2.65 149 442 394 32.98 0.12 29.04 0.33 2309.75 2.78
20  Sciaenidae 0.09 6.88 129 362 885 76.70 0.12 67.86 0.33 1026.93 2.88
21 Mugilidae 0.05 4.23 141 410 598 50.02 0.12 44.04 0.33 1520.69 2.77
22 Echinodermata 0.12 0.22 247 1185 054 3.69 0.15 3.15 0.33 16717.96  2.25
23 Gerreidae 0.23 14.05 131 371 1841 14180 013  123.30 0.33 493.03 2.56
24  Bivalvia 0.23 50.10 149 445 7475 44750 017 37280 0.33 120.67 2.00
25  Penaeidae 0.31 50.28 142 412 7115 46350 015  392.30 0.33 126.83 2.18
26  Other fish 0.22 18.44 170 549 3140 19640 016  165.00 0.33 288.65 2.08
27  Haemulidae 0.04 11.03 122 338 1343 11360 012  100.20 0.33 676.22 281
28  Stomatopoda 1.00 0.24 241 1109 058 3.98 0.14 341 0.33 1581659  2.29
29  Zooplankton 0.36 1966.00 085 234 167500 6371.00 026  4697.00 0.35 443 1.34
30  Other macrocrustacean ~ 0.11 98.38 1.01 2.73 98.86 782.10 0.13 683.30 0.34 91.00 2.67
31 Porifera 034 37540 132 376 165 7.27 0.24  1542.00 0.34 17.30 1.39
32 Polychaeta 0.00 2.81 095 259 15500 847.00  0.08 32,52 0.33 3399.04 436
33 Other cupleoidae 0.06 0.46 356 3526 497.10 2039.00 0.23 5.62 0.33 5524.58 1.46
34 Cetengraulis 040 10930 142 413 268 3519 018 69200  0.34 57.68 1.84

mysticetus

35  Opistonema libertate 0.01 19.85 096 261 1905 19230 010  173.20 0.33 476.43 3.36
36  Gastropoda 0.01 0.41 212 829 086 6.38 0.14 5.52 0.33 10562.43 245
37  Phytoplankton 0.37 212000 1.07 291 226200 580400 0.39  3542.00 0.32 3.02 0.81
38  Macrophytes 031  627.80 251 1227 157400 326400 048  1690.00 0.31 478 0.64
39  Detritus 0.00 152400 161 501 245700 5685.00 0.43  3228.00 0.30 2.70 0.71

TL, trophic level; B, biomass; P/B, production/biomass ratio; Q/B, consumption/biomass ratio; Ol, omnivory index; R, respiration; R/As,
respiration/assimilation ratio; P/R, production/respiration ratio; R/B, respiration/biomass ratio; Di, degree indicator; CCi, closeness indicator;
BCi, betweenness indicator; K, keystone species indicator; TST, Total System Throughput; AMI, average mutual information; Ro, effective
number of roles; Ai/C;, relative ascendency ratio that express the proportion of contribution of each group to the system’s order; @, overhead,;
(A/C)exit, relative change in the relative ascendency ratio when group i is removed from the system; Aei/Ao, relative change in the ascendency
when group i is removed from the system with respect to the original ascendency; (A/C)ei/(Ai/Ci), proportional change due to (A/C)e with
respect to the oriainal (A/Caratio.

intermediary information in the system according to
BC; values. This suggests that detritus is a
fundamental source of nutrients in the ecosystem for
the primary consumers (Gerreidae, Stomatopoda,
Porifera, Haemulidae, Polychaeta and Gastropoda).
The Pacific anchovy, Rajiformes, Birds and
Coryphaenidae groups had high values of K indicator,
which indicates their importance in energy transfer
through flows of the food web.

The MDS analysis identified the relative ranks
of the similarities between the variables with a stress
level of 0.04 (Figure 2) (see Warwick and Clarke,
1993). At 60% similarity, the MDS analysis revealed
the following five groups: group 1) @, TST and R;
group 2) Ro, AMI, TL, ((A/C)ei/(A/Ci)), Q/B, R/B,
and P/B; group 3) B; group 4) R/As; and group 5) D;,
(A/C)exii» (AVCy), K, P/Q, P/R and OI (Figure 3). At
80% similarity, the groups become fragmented and

fifteen groups were formed.

Figure 3 shows the arrangement of the indicators
considering the first two principal components, which
account for 53% of the total variance. The PCA
constructed using the indicators with greater variance
explained and functional groups showed six
groupings, which represent similar roles and provide
stability to the ecosystem: 1) TL, ((A/C)exi/(A/Ci)),
and (A/C)eyi; 2) K, R, R/B and Q/B; 3) R/As, P/B, @,
and TST; 4) B, D; and A, /C;; 5) Ro and AMI; and 6)
Ol, P/Q and P/R. The Pacific thread herring and the
Pacific anchovy were related to the first group that
indicates the importance of these species in
maintaining the ecosystem’s order when these species
were removed from the Ecopath model (changes in
the attribute values, ((A/C)exi/(Ai/C;)), and (A/C)eyit iN
the Ecosim simulation). Although the PCA revealed
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@ 2D Stress: 0.04
B

Figure 2. Percentage of similarity between variables in the non-metric multidimensional scaling analysis. The proximity
of one variable to another represents similarity. Circles represent the rank orders of similarity between the variables. Open
circles indicate variables with 60% similarity, and gray circles indicate 80% similarity. The data were log (x + 1)
transformed. Stress level: 0.04.
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Figure 3. PCA representing the projection of functional groups (numbers) and ecosystem’s indicators (initial). The
projection shows the formation of sets of similar functional groups and their relationships with the ecosystem indicators.
The Pacific thread herring (35) and the Pacific anchovy (34) are highlighted by large fonts and are in similar sets
associated with similar ecosystem’s indicators (see Table 1 for the identification key of the functional groups and
ecosystem’s indicators).
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different groupings of functional groups associated
with ecosystem indicators, only the arrangements
related to the Pacific thread herring and the Pacific
anchovy were analysed in detail. Sixty-three percent
of the total variance was explained by the first three
components (PCs) (PC1=30%, PC2=18, and
PC3=15%). The groups with the highest contributions
to the variance of these PCs (Table 2) were:
Phytoplankton (29.9%) and Zooplankton (18.6%) to
PC1, Zooplankton (33.2%) and Birds (16.8%) to PC2;
and Porifera (29.7%) and Zooplankton (18.7%) to
PC3. The Pacific thread herring and the Pacific
anchovy had the smallest contributions to the variance
of PC1 (0.2% and 0.1%, respectively), PC2 (0.7% and
0.5%, respectively) and PC3 (1% and 0.5%,
respectively).

A positive and significant correlations was found
between TL and ((A/C)eil/(Ai/C))), (Spearman rank

correlation rg= 0.5, P < 0.05) (Figure 4a). The groups
with lower trophic levels, such as phytoplankton,
macrophytes and detritus (humbers 37, 38 and 39 in
figure 4a), had lower values of ((A/C)ei/(Ai/Cj)), than
those for the Pacific thread herring and the Pacific
anchovy (numbers 35 and 34 in figure 4a,
respectively), which suggests a loss of ecosystem’s
order when the groups of intermediate and higher
trophic levels were removed from the Ecopath model.
In particular, the Pacific thread herring and the Pacific
anchovy had higher values of ((A/C)ewi/(A/C))
indicator. In addition, when some functional groups
were removed, those that are higher than 1 in
((A/C)exiif (AICy)) indicator contributed to increased
ecosystem’s order, while those that are lower than 1
in the same indicator contributed to entropy or loss of
ecosystem’s order. These results suggest that the
Pacific thread herring and the Pacific anchovy
contribute to the maintenance of ecosystem’s order. A

Table 2. Relative contributions of the groups to the variance of a PC based on correlations (%). The values of the three PCs
that explain the major percentages of variance are shown; the higher the contribution of a case, the more it weighs on the PC

PC1 PC2 PC3
Functional groups % Functional groups % Functional groups %
1 Phytoplankton 29.9 Zooplankton 33.2 Porifera 29.7
2 Zooplankton 18.6 Birds 16.8 Zooplankton 18.7
3 Macrophytes 16.8 Porifera 14.8 Detritus 10.1
4 Detritus 155 Macrophytes 10.3 Portunidae 4.0
5 Other clupeoidae 2.8 Detritus 8.3 Stomatopoda 3.6
6 Serranidae 1.9 Equinodermata 3.7 Other clupeoidae 2.9
7 Centropomidae 14 Serranidae 1.6 Equinodermata 2.5
8 Synodontidae 1.4 Portunidae 1.4 Palinura 2.4
9 Cephalopoda 1.3 Pleuronectiformes 1.3 Cephalopoda 2.2
10  Portunidae 1.2 Stomatopoda 1.2 Mugilidae 2.0
11  Scorpaenidae/Triglidae 1.1 Polychaeta 0.9 Phytoplankton 2.0
12 Lutjanidae 0.9 Opistonema libertate 0.7 Lutjanidae 1.7
13  Pleuronectiformes 0.6 Coryphaenidae 0.6 Pleuronectiformes 1.7
14  Sciaenidae 0.6 Rajiformes 0.6 Polynemidae/Mullidae 15
15  Polynemidae/Mullidae 0.6 Coelenterata 0.5 Ariidae 15
16  Equinodermata 0.6 Cetengraulis mysticetus 0.5 Scorpaenidae/Triglidae 15
17  Coryphaenidae 0.6 Other fish 0.5 Coelenterata 13
18  Scombridae 0.6 Cephalopoda 0.4 Gerreidae 1.2
19  Rajiformes 0.5 Lutjanidae 0.4 Scombridae 1.1
20  Tetraodontidae 0.5 Cheloniidae 0.3 Opistonema libertate 1.0
21 Cheloniidae 0.5 Gastropoda 0.3 Haemulidae 1.0
22 Coelenterata 0.4 Scombridae 0.3 Macrophytes 1.0
23 Ariidae 0.3 Carangidae 0.3 Sciaenidae 0.8
24 Porifera 0.3 Mugilidae 0.2 Penaeidae 0.7
25  Gerreidae 0.2 Ariidae 0.2 Carangidae 0.7
26 Mugilidae 0.2 Bivalvia 0.1 Coryphaenidae 0.6
27  Haemulidae 0.2 Synodontidae 0.1 Gastropoda 0.6
28  Opistonema libertate 0.2 Phytoplankton 0.1 Polychaeta 0.6
29  Carangidae 0.1 Other clupeoidae 0.1 Cetengraulis mysticetus 0.5
30  Cetengraulis mysticetus 0.1 Centropomidae 0.1 Centropomidae 0.3
31  Palinura 0.1 Tetraodontidae 0.1 Bivalvia 0.3
32 Stomatopoda 0.1 Palinura 0.1 Rajiformes 0.3
33 Polychaeta 0.0 Gerreidae 0.0 Serranidae 0.1
34 Other macrocrustaceans 0.0 Haemulidae 0.0 Other macrocrustaceans 0.0
35  Gastropoda 0.0 Other macrocrustaceans 0.0 Other fish 0.0
36  Birds 0.0 Scorpaenidae/Triglidae 0.0 Cheloniidae 0.0
37  Other fish 0.0 Penaeidae 0.0 Synodontidae 0.0
38  Bivalvia 0.0 Sciaenidae 0.0 Tetraodontidae 0.0
39  Penaeidae 0.0 Polynemidae/Mullidae 0.0 Birds 0.0
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positive and significant correlations was found
between B and (A/C)e,i: (Spearman rank correlation r;
= 0.45, P < 0.05; Figure 4d). This figure shows that
the groups with relatively higher magnitudes of
biomass (Phytoplankton, Macrophytes, Detritus,
Zooplankton and Other clupeoides) had larger
contributions to the initial order of the ecosystem. No
significant correlations were found between the
degree indicator (D;) and biomass (B) (Figure 4b) and
between D; and Ay/C; (Figure 4c) (Spearman rank
correlations rg = 0.15 and 0.17, respectively; P >
0.05). In both cases, the number of connections of the
functional groups does not depend on their level of
biomass or their contribution to the ecosystem’s
order.
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Discussion
The analysis of the holistic indicators
demonstrated that the Pacific thread herring

(Opisthonema libertate) and the Pacific anchovy
(Cetengraulis mysticetus) have similar ecological
roles and maintain the order of the ecosystem; in
addition, due of its participation in the system flows
(according to its K values), the Pacific anchovy might
be the key species on which the herring fishery in the
SGC might be managed.

In México, the knowledge of the ecological
importance of the Pacific thread herring and the
Pacific anchovy in the SGC ecosystem is relevant to
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Figure 4. Scatterplots showing the different performances of the Pacific thread herring and the Pacific anchovy (numbers
35 and 34 respectively) in the SGC ecosystem. The ecosystem’s indicators with the highest contributions to the variance of
PC1 and those indicators with similar trends to the Pacific thread herring and the Pacific anchovy in the PCA were
selected. a) log TL vs. log (A/C).:i/(A/C); b) log degree (D)) vs. log biomass (B); c) log degree (D;) vs. log (A/C); and d) log
biomass (B) vs. log (A/C;). Refer to Table 1 for the identification of the functional groups represented by numbers inside

the plots.
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several groups (industry, managers, researchers and
civil organizations) and is a requirement of the MSC
certification process to ensure the sustainability of the
fishery and reduce negative impacts on the ecosystem.
In this context, the European Union encourages
member states to achieve the “Good Environmental
Status” objective by 2020 through a set of criteria and
holistic indicators proposed by the Marine Strategy
Framework Directive (European Commission, 2008).
Piroddi et al. (2015) analysed the current capabilities
of the modelling community to provide information
about the indicators outlined in this framework. One
aspect that was analysed refers to the state of the
ecosystem, and these indicators are generally
applicable to assess the ecosystem’s dynamics;
however, these indicators alone are inadequate to
achieve “Good Environmental Status” (Rombouts et
al. 2013). The use of holistic indicators is an efficient
approach that can be implemented to generate
multiple viable management strategies based on the
regulated catch rates and conservation scenarios of
marine ecosystems (Arreguin-Sanchez, Zetina-Rejon,
Manickchand-Heileman, Ramirez-Rodriguez & Vidal,
2004).

The indicators of D;, CC; and BC; describe the
structural characteristics of the food web and are
usually related to the concept of keystone species
(Sol¢ & Montoya, 2001; Dunne, Williams &
Martinez, 2002). This suggests a large number of
trophic links and participation in energy flows, which
is reflected in a significant contribution to the
structure and function of the ecosystem (Albert, Jeon
& Barabasi, 2000). Our results showed that the key
elements of the SGC ecosystem were the lower
trophic level groups, such as Detritus, Phytoplankton,
Macrophytes, Zooplankton, the Pacific anchovy,
Porifera, and high-level predators in the SGC such as
Coryphaenidae and Lutjanidae. A large number of
links in the lower trophic level groups and primary
consumers suggests a bottom-up control energy flow
in the food web (Vasas, Lancelot, Rousseau & Jordan,
2007). This type of control possibly occurs in the
SGC, although an ecosystem can be managed by more
than one type of control depending on its status,
diversity and integrity (Cury, Shannon & Shin, 2001).
In addition, this type of control in the ecosystem may
change depending on the environmental variability
which controls the abundance and distribution of
marine population (Cury et al. 2001). The indicators
D;, CC; and BC; will allow management measures to
be developed for the entire ecosystem to reduce the
negative impacts on the key elements of the
ecosystem and to maintain its health and productivity.
This is another principle of the MSC certification
process.

The development of an ecosystem is generally
characterized by an increase in information and its
order (Ulanowicz, 1986; Jorgersen, 2000; Marques &
Jorgensen, 2002). While the objective of this study
was not to describe the development of the ecosystem

of the SGC, our results suggest that the Pacific thread
herring and the Pacific anchovy play similar roles in
terms of the structure, organization and function of
the ecosystem. The Pacific thread herring and the
Pacific anchovy were closely related to the indicators
(A/C)exiiy (AIC)eyi/(A/Ci) and TL, which suggests that
these species are significantly involved in the
maintenance of ecosystem’s order, as was suggested
by Christensen and Pauly (1995) in general terms. In
addition, the relative change in the system’s order was
explained to be due to the absence of lower trophic
level groups rather than highest trophic levels. In
particular, the Pacific thread herring and the Pacific
anchovy maintained higher order levels in the system
compared to the other groups. The Pacific anchovy
was also one of the five groups with higher values of
K indicator. This is partly because even when this
group has the same number of trophic links (related to
D;) to others, it participates with greater intensity in
the energy transfer through the food web. This finding
contrasts with that reported by Riofrio-Lazo et al.
(2013) in the Northern Gulf of California, where
small pelagic species are less important in transferring
energy through the food web. In terms of ecosystem
management, these results are important for the
Pacific thread herring and the Pacific anchovy
because attributes such as keystones species, biomass
and the role in maintaining the ecosystem’s order can
be affected by fishing; thus, a total allowable catch
would be desirable as a management strategy in the
SGC but not necessarily in other regions of the Gulf.
This confirms that the ecosystem-based management
approach must be designed for each individual
ecosystem (Arreguin-Sanchez, 2014).

The similar ecological roles of both species of
herring might be partly explained by a remarkably
similar distribution in the Eastern Tropical Pacific
(Robertson & Allen, 2002). For that reason, the diets
of the Pacific thread herring and the Pacific anchovy
are not completely different (Bayliff, 1963; Jacob-
Cervantes, Gallardo-Cabello, Chiappa-Carrara &
Ruiz, 1992). In addition, both species of herring are
considered forage species; they are characterized by
high variations in their abundance and on the catch
species composition during the fishing period. These
factors support the similarities between the trophic
levels of both herring species and might explain their
topological roles in the food web, where they have the
same numbers of links as predator and prey. The
Pacific thread herring and the Pacific anchovy have a
similar ecological role to other species groups in the
SGC ecosystem, such as synodontidae (2), lutjanidae
(3), birds (4), rajiformes (5), scombridae (10),
centropomidae (14) and scorpaenidae/triglidae (18)
(identified by numbers in Figure 4); however, these
groups do not replace the two species of herring as
forage species. This characteristic highlights the
wasp-waist role for small pelagic species in the Gulf
of California (Bakun et al. 2009).

The removal effect of the Pacific thread herring
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and the Pacific anchovy from the Ecopath model is
reflected in the maintenance of ecosystem’s order. If
the removal does not affect the natural rate of species
renewal, the ecosystem responds by restoring the
energy flows to maintain its dynamic balance. When
an ecosystem is developing, the entropy is high and
then gradually decreases to low levels upon its
maturation (Saint-Beat et al. 2015). The increase in
entropy may be considered a measure of the
sensitivity of the ecosystem to changes in the biomass
of the groups (Arreguin-Sanchez & Ruiz-Barreiro,
2014). In our simulations, the effect of drawing the
ecosystem by removing the Pacific thread herring or
the Pacific anchovy was partially but not completely
offset by the other groups with similar ecological
roles, as is indicated by their keystone indicators. In
contrast, the groups that generate an increase in the
ecosystem’s order might provide some stability to the
ecosystem over time (Margalef, 1962) and might help
maintain ecosystem’s resilience. Our results suggest
that the Pacific thread herring and the Pacific anchovy
contribute to these ecosystem’s processes.

This study is relevant to the conditions of the
MSC certification process that occur throughout the
entire  Gulf of California, which require more
information about the ecological roles of herrings to
achieve the ultimate goal of ensuring sustainable
operation of the herring fishery. Achieving this goal
will involve the consideration of several factors that
affect the biological productivity of herring species in
the Gulf of California. The collapse of forage species
occurs because of high fishing pressure for several
years before the collapse and is a cumulative effect
that is caused by a sharp fall in the natural
productivity of the population accompanied by a late
response of policymakers to reduce fishing pressure
(Essington et al. 2015). The results of this study
suggest that allowable catch rates for the Pacific
thread herring and the Pacific anchovy under an
adaptability strategy might prevent undesirable effects
on ecosystem sustainability.
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