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ABSTRACT

“Top-down” and “bottom-up” control processes in exploited ecosystems have been characterised using their impacts
on the mean trophic level of catches, changes in biomass, and certain ecosystem attributes. Most scientific contribu-
tions have been based on case studies of particular ecosystems. So, the aim of this study is to identify and understand
ecosystem processes governing their response to fishing in a more global sense. Simulations were developed using
different ecosystems models using the Ecopath with Ecosim suite of programs. Two cases were examined by selecting
target species to be exploited during simulations experiments. A high trophic level group (sharks) and a low trophic
level group (shrimp) were chosen to represent potential “top-down” and “bottom-up” control situations, respectively.
For both cases, a gradient of exploitation was simulated, and ecosystem attributes were estimated. Harvest rates (HR)
varied along a gradient of HR = 0.4 to HR = 0.7 for sharks and HR = 0.3 to HR = 0.8 for shrimp. For each simulation, only the
target group was modified. Principal Components Analysis was applied, and outputs were obtained using ecosystems
asvariables and attributes as factors, and vice versa. For sharks, outputs indicate that under a low HR, group attributes
govern the response to exploitation. However, when a high HR was applied (higher than the maximum sustainable
yield), ecosystem attributes emerged as relevant instead of stock attributes. For sharks, representing “top-down” con-
trol, a graphical arrangement of the first two components clearly shows a gradual pattern of response reflecting the
transition from stock-level to ecosystem-level processes as HR increases. For shrimp, representing “bottom-up” con-
trol, no clear patterns emerged; in this case, the same relevant stock and ecosystem attributes appear across all HRs
applied. These results are explained in terms of stock life histories, trophic level, and transfer efficiencies through the
food web, suggesting that ecosystem processes behind overfishing are related to the trophic level, and then, fisheries
management practice must recognise such particularities.
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RESUMEN
Los procesos de control de “arriba-hacia-abajo” y de “abajo-hacia-arriba” en ecosistemas explotados se han carac-
terizado por sus impactos en el nivel tréfico medio de las capturas, los cambios en la biomasa, y ciertos atributos del
ecosistema. Sin embargo, la mayoria de las contribuciones cientificas se han basado en estudios de casos de determi-
nados ecosistemas. El objetivo de este estudio fue identificar y comprender los procesos del ecosistema que definen
su respuesta a la pesca en un sentido mas global. Las simulaciones se desarrollaron para diferentes ecosistemas mo-
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delados usando la plataforma de programas denominada “Ecopath with Ecosim”. Dos casos fueron examinados donde
se seleccionaron especies para ser explotadas durante las simulaciones; un grupo de alto nivel tréfico (tiburones) y un
grupo de bajo nivel tréfico (camardn) fueron elegidos para representar las situaciones de control “de arriba hacia aba-
jo” y “de abajo hacia arriba”. En ambos casos, un gradiente de explotacion fue simulado, y los atributos del ecosistema
estimados. Las tasas de captura (HR) variaron a lo largo de un gradiente de HR = 0.4 a HR = 0.7 para los tiburones y HR
=0.3 a HR = 0.8 para el camaron. Para cada simulacion, sélo el grupo objetivo fue modificado. Se aplicé un Anélisis de
Componentes Principales y las salidas fueron obtenidas utilizando los ecosistemas como variables y atributos como
factores, y viceversa. Para los tiburones, los resultados indican que para una HR baja, los atributos del grupo son los
que regulan la respuesta a la explotacion. Sin embargo, cuando HR es alto (mayor que el correspondiente al rendimien-
to maximo sostenible), los atributos del ecosistema emergen como relevantes en lugar de los atributos del grupo. Para
los tiburones, que representan el control de “arriba-hacia-abajo”, se observa un patrén gradual de respuesta que re-
fleja la transicion de stock hacia los procesos a nivel de ecosistema, a medida que aumenta HR. Para el camarén, que
representa el tipo de control de “abajo-hacia-arriba”, no surgi6 patron alguno, siendo los mismos atributos relevantes
los que aparecen como respuesta del stock y del ecosistema, independientemente del nivel de HR. Estos resultados se
explican en términos de historias de vida, el nivel tréfico, y la eficiencia de la transferencia en la cadena alimentaria;
y sugieren que los procesos del ecosistema tras la sobrepesca estan relacionados con el nivel tréfico, y como con-
secuencia la practica de la ordenacion pesquera debe reconocer estas particularidades para el éxito del manejo.

Palabras clave: Control de arriba-hacia-abajo, control de abajo-hacia-arriba, explotacion, ecosistema, nivel-tréfico,

tiburones, camarones.

INTRODUCTION

The concept of “fishing down the food weh” (FDFW) was intro-
duced by Pauly et al. (1998) to express the impact on ecosystems
when high trophic levels are overexploited in aquatic ecosystems.
The measure of this effect was initially based on the computation
of the mean trophic level of catches (MTLC) and later on the ma-
rine trophic index (MTI), which considers the MTLC for trophic
levels higher than 3.25 (Pauly & Watson, 2005). Pauly et al. (2000)
also suggested the use of the Fishery-in-Balance (FIB) index as
a method for measuring trophic level used by fisheries (Fig. 1).
Under sustained or increased fishing intensity, the decline of
these indices over time represents FDFW scenarios, which have
consequences for the ecosystem and fishing sector. Moreover, if
management strategies were developed to reduce such declines,
then they could help prevent ecosystem deterioration (e.g., Chris-
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Figure 1. The mean trophic level of catches (TL, dashed line)
and Fishery-in-balance index (FIB, solid line) for the Gulf of
California (top) and the southern Gulf of Mexico.

tensen, 1998; Jackson et al,, 2001). Due to decline in world fish
catches, FDFW is an increasing concern (Pauly, 1999; Watson &
Pauly, 2001).

A “fishing up the food weh” (FUFW) situation was reported
by Arreguin-Sanchez et al. (2004) related to the pink shrimp (Far-
fantepenaeus duorarum, Burkenroad 1939) stock (a relatively
low trophic level species), whose fishery and stock experienced
a severe depletion in the southern Gulf of Mexico ecosystem. In
this case, MTLC shows an increasing trend over time as shrimp
stock abundance decreases (Fig. 1). Because low trophic level
species are characterised as being short-lived and fast-growing
stock, with relatively high reproduction rates, a FUFW scenario is
not common.

“Top-down” and “bottom-up” controls are defined by vulner-
ability to predation and are dependent on either the predator or
the prey. Fishing down the food web is recognised as a decrease
in the abundance of the top predators in the trophic web and is
characterised by a loss of “top-down” control. In contrast, FUFW
results in food availability limitation characterised as an expres-
sion of “bottom-up” control.

This study focuses on the ecosystem attributes that play a
key role in ecosystem dynamics when selected stocks, from high
and low trophic levels, are impacted by top-down or bottom-up
effects from fishing.

MATERIALS AND METHODS

A number of ecosystem models constructed with the “Ecopath
with Ecosim” (EwE) software have been described in the literature
(Christensen & Pauly, 1992; Walters et al,, 1997, Pauly et al., 2000).
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We selected sharks, as representatives of the high trophic level,
to simulate the effects under FDFW and because of the character-
istics of their life cycle that make them vulnerable to overexploi-
tation (Hoenig & Gruber, 1990; Pratt & Casey, 1990). Conversely,
shrimp were selected as representatives of the low trophic level,
because this species is economically important, commonly ex-
ploited and presents high recovery rates (Arreguin-Sanchez et
al, 1997, 2004). The ecosystems selected in both cases are listed
in Table 1, and their location is shown in Figure 2.

35

For the FDFW experiments, resilient properties of sharks
within their own ecosystems were evaluated using the Ecosim
model (Walters et al, 1997). The current state of exploitation
for sharks was modified to reflect specific harvesting rate (HR)
values representing the proportion of the biomass removed by
fishing with respect to the stock biomass. Harvesting rate values
ranging between 0.3 and 0.7 (using increments of 0.1) were used
during simulations. Starting with an unexploited (HR = 0) ecosys-
tem state, HR was applied for a period of three years (starting

Table 1. List of ecosystem models used for simulations. Upper panel for FDFW and bottom panel for FUFW analyses. Sharks and shrimps
groups were used to represent high and low trophic levels, respectively.

Ecosystem type Location Group File Name Source
FDFW-Sharks
as target group
Upwelling California Necton: (Sharks + 2 Monterey Olivieri et al. (1993)
Monterey Bay groups)
Continental shelf Gulf of Mexico Sharks Gomexico Browder (1993)
Florida shelf
Gulf of Mexico Campeche  Sharks Sondacam Manickchand-Heileman
et al. (1998)
Venezuela shelf Small sharks Venezuela Mendoza (1993)
Ascension Bay Sharks Ascenci Vidal and Basurto (1993)
Mexican Caribbean
Yucatan Shelf Sharks Yucatan Arreguin-Sanchez et al.
(1993a)
Coral reefs Barrier reef, Sharks Arrecife Alvarez-Hernandez
Mexican Caribbean (2003)
Coral reef, Large sharks/rays Virgin21 Opitz (1993)
Virgin Islands
Coastal areas SW Gulf of Mexico Sharks Wgmexico Arreguin-Sanchez et al.
(1993b)
Gulf of Nicoya, Sharks Nicoya N. Van Dam (unpublish,
Costa Rica Univ. of Costa Rica)
Los Cabos, Southern Cabos M. Torres-Alfaro
Peninsula of Baja (unpublish, Centro
California Sharks Interdsciplinario de
Ciencias Marinas, del
IPN, Mexico
FUFW-Shrimp
as target group
Continental shelf Gulf of Mexico, Yucatan Penaeid shrimps Yucatan Opitz (1993)
Gulf of Mexico, Campeche  Penaeid shrimps Campeche Vega-Cendejas et al.
(1993)
Gulf of Mexico, Veracruz Penaeid shrimps Wgmexico Arreguin-Sanchez et al.
(1993b)
Central-eastern Gulf of Penaeid shrimps GCalifornia Arreguin-Sanchez et al.
California (2002)
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Figure 2. Location of ecosystems used for simulations. Black stars refers to fishing down the food web, and shite stars for fish-
ing up the food web experiments. For more details about ecosystems see Table 1. Gomexico= Gulf of Mexico Florida shelf. Son-
dacam = Gulf of Mexico Campeche. Ascenci = Ascension Bay Sharks Mexican Caribbean. Virgin21 = Coral reef, Virgin Islands.
Wgmexico = Gulf of Mexico, Veracruz. GCalifornia=Central-eastern Gulf of California.

in year 1). Some resilient properties were measured in the same
manner as defined by other authors (Vasconcelos et al,, 1997,
Pérez-Espafia & Arreguin-Sanchez, 1999a, b; Arreguin-Sanchez
& Manichkand-Heileman, 1998) like persistence, magnitude of
change, and recovery time. In each simulation, only parameters
no auto-correlated were selected for comparison for the target
group and its ecosystem (Table 2).

For FUFW, an analogous experiment was developed using
shrimp stocks and HRs that ranged between 0.3 and 0.8 (using
increments of 0.1). An HR was also applied for a period of three
years, and the same resilient properties were computed.

In both experiments, HRs ranged from the state of develop-
ing fishery (low rates of exploitation) to overexploitation and en-
compassed intermediate states of exploitation. We included the
maximum sustainable yield level, defined as 50% of the pristine
biomass (Clark, 1985) is extracted.

To simulate an unexploited state for the target stocks (i.e., in
those cases where the stock in the original ecosystem model was
exploited), landing was added to the living hiomass, and fishing
mortality was removed from the production to biomass (P/B) ratio,
thereby reflecting natural mortality. In this state, the best possible

model was obtained through the application of the Ecoranger
routine included in the Ecopath with Ecosim software. Residuals
minimization with a minimum of 3000 iterations was used as the
operating criterion. For a detailed description of the Ecoranger
routine, see Pauly et al. (2000) and Christensen & Walters (2004).
The harvest rate was computed as follows (Gulland, 1983):

F M+F
HR = 1-
mafle ]

where F = the instantaneous rate of fishing mortality and M = the
instantaneous rate of natural mortality, both in years™.

Because the HR values were predefined and M (natural mor-
tality) was known from Ecopath for each particular state of the
target stock, the F value was numerically computed using a simple
Newton algorithm. The amount of catch (Y) for a specific HR was
then calculated as Y=FB, where B = hiomass. For each simulation,
the new state of exploitation of the target stock was incorporated
into the ecosystem model by reducing the biomass caught from
the living biomass (explicit catch), and the corresponding fishing
mortality was added to the P/B ratio.

Principal Component Analysis (PCA) was applied to the eco-
system and target group parameters estimated after simulations
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Table 2. Ecosystems attributes used to explore response to harvesting rates on sharks and FDFW processes.

3

Attributes Arrecife  Ascenci Cabos  Gomexico Monterey Nicoya Sondacam Venezuel VRGN21 Wgmexico Yucatan

1 Trophic level 3.62 345 3.72 3.78 4,08 4,00 4.25 3.83 3.86 477 493

2 Biomass 0.42 0.03 0.10 0.08 451 0.09 0.08 0.09 0.98 0.17 0.03

3 Ecotrophic 0.65 0.31 0.70 0.85 0.89 0.47 0.64 0.76 0.71 0.94 0.50
efficiency

4 Omnivory 0.19 0.60 0.30 0.34 0.1 0.22 0.26 0.28 0.45 0.15 0.34
Index

5  Respiration/ 5.06 7.44 237 5.64 4.49 451 4.99 312 4.00 5.58 1.16
Biomass

6  Total number 0.21 337 0.00 0.01 0.01 0.00 0.44 0.04 11.86 0.21 0.41
of pathways
(104)

7 Primary 5.21 21.75 21.817 21.29 495 26.56 50.66 26.33 5.47 5.82 1.27
production/
Biomass

8 Connectance 0.35 0.45 0.36 0.21 0.23 0.19 0.36 0.32 0.35 0.24 0.28

9  System 10.80 3.90 740 6.20 12.00 4.50 9.90 2.90 15.30 12.70 12.20
Omnivory
Index

10  Finn cycling 10.80 3.90 7.40 6.20 12.00 450 9.90 2.90 15.30 12.70 12.20
Index

11 Path Length 3.59 18.37 2.0 2.70 482 3.77 6.66 4,07 4.06 379 341

12 Fishery 2.66 3.04 0.00 2.60 3.28 3.01 3.54 281 0.00 3.44 41
trophic Level

13 Netsystem 62.06 17.02 31.06 4.04 50.54 2.10 37.97 16.56 10.77 4.94 1.25
production
(102)

14 Magnitude of 0.58 0.59 0.068 0.00 0.12 0.00 0.39 0.67 0.00 0.52
Change*

15 Time 75 20.50 50.00 0.00 12.50 1.33 37 10.83 38.33 0.00 11.16
recovery®

for each HR level to identify those attributes with a significant
response to changes in HR. Within each of the first two compo-
nents, relevant attributes were selected by excluding those val-
ues whose magnitude was less than 70% of the highest absolute
value corresponding to each variable. Next, the analysis of the
variables selected was used as a relevant indicator of the eco-
system processes driving the response to fishing.

For FUFW, we used ecosystem models in which the size
of the shrimp stocks was clearly different. The Campeche and
Gulf of California models represent the most productive fishing
grounds in Mexico, with yields ranging from 10 to more than 40
thousands metric tonnes (mt) per year; while Veracruz yields hun-
dreds of metric tonnes, the Yucatan is only a small-scale incipient
shrimp fishery (Arreguin-Sanchez & Arcos-Huitrdn, 2007). These
magnitudes reflect differences in stock size, expressed as bio-
mass, with the influence of specific ecosystem attributes. For this
reason, data for PCA analyses were standardised.

RESULTS

In the case of sharks, the ecosystem parameters computed af-
ter the simulations are shown in Table 2. For all of the scenarios
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(given by different HR values), in the PCA analysis, the first two
components explained more than 50% of the total variation in the
parameters, and the first three components accounted for 67%
of the variation. For each component, higher weighted factors
indicate those parameters that contribute more to the explained
variance (Table 3). These parameters can be separated into two
categories: (1) those related to sharks as a functional group such
as trophic behaviour, energetic cost, and how sharks as a group
within the ecosystem responded to exploitation, (2) those related
to ecosystem attributes (e.g., ecosystem production and trophic
structure).

Two main aspects emerged from the analysis of the relevant
weighting factors on higher trophic level groups like sharks (Table
3). First, under low levels or optimum exploitation conditions, HR
<=0.5 (which indicates a biomass extraction of 50% or less), vari-
ables with higher contribution to the explained variance in the
first component were related to the target group (sharks). These
variables included trophic level and resilient properties such as
the magnitude of change and the recovery time and suggested
that single-group attributes become relevant in response to fish-
ing pressure. Additionally, two variables related to ecosystem
structure attributes (connectance and omnivory index) were



3

Table 3. Weighting factors of ecosystem and functional group at-
tributes (sharks) when submitted to different harvesting rates (co-
lumns) after principal component analysis during FDFW analysis.
Numbers in parenthesis represent higher values. *numbers indica-
te the explained variance by each component.

0.3 0.4 0.5 0.6 0.7

Component 1* 2934 2853 2773 2678  25.71
Connectance -0.396 -0.406 -0.411 -0411 -0.405
Omnivory index -0.319 -0.361 -0.397 -0442 -0473
Magnitude of -0.388 -0.366 —0.326

Change

Trophic Level (-0.320) (-0.318)

Path Length -0.348 -0.384
Ecotrophic (-0.351) (-0.383)
Efficiency

Recovery Time  -0.337

Component 2 * 2263 2202 2160 2103 2133
Respiraton/ -0.369 -0.381 -0.386 —0.3837 -0.388
Biomass ratio

Total System -0365 -0.38 -0.393 -0.377
Production

Biomass -0.355 -0.357 —0.345

Fishery -0.303 -0.365 -0.415
TrophicLevel

Ecotrophic -0.369 -0.329

Efficiency

Recovery Time -0.337 -0.354
Omnivory Index  (-0.346)

important in explaining variance in the first component. Second,
at HR higher than the maximum sustainable yield level (>0.5),
characterising overexploitation, ecosystem attributes emerged
as relevant, while group attributes become less important (Table
3). Shark harvest scenarios yield a linear array for ecosystems
when the two first components were plotted as shown in Figure
3, where an increase in the slope can be observed as the HR in-
creases. This finding suggests that PC2, which is mainly associ-
ated with ecosystem functioning, explains more variation as the
harvest increases.

For FUFW, the response to anincreasing HR in the Campeche
and Central Gulf of California ecosystems results in a positive
slope in the PCA diagram, and a negative slope for the Veracruz
and Yucatan ecosystems (Fig. 4). Even though the purpose was
not to estimate the magnitude of the slopes, they appear to be
of similar magnitude but of opposite signs. In this case, the main
difference between ecosystems is that those with positive slopes
sustain larger fisheries than those with negative slopes. Table 4
shows the relevant weighting factors for the first two components

Arreguin-Sanchez F.
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Figure 3. The changes in ecosystems during the simulation of
a FDFW with anincreasing harvest rate on sharks as revealed
by the principal component analysis. The slope is gradually
affected by changes in the HR which increased from top-left
to down; the numbers indicate the ecosystem: 1.- Arrecife; 2.-
Ascenci; 3.- Cabos; 4.- GoMexico; 5.- Monterey; 6.- Nicoya;
7.- Sondacam; 8.- Venezuel; 9.- Virgn21; 10.- WGMexico; 11.-
Yucatan.

1.0 10 4
06
0.5 0.5 D?{;u
“~ o,
0.0 0.0 -Eew—
e 04N
054 SI 0.5 . .
’ TS 03
404 07 cuarcaitomia 1.0 Weracnz D'}L
T T T T T T T T T T
A0 085 00 05 1.0 A0 45 u?'ﬂ 05 1.0
1.0 < 1.0 4
7’ N a
04 . LT U
05 - FAE 0.5+ 0. 0.4
7% R, ¢
} W Oos oy ‘x"zggh 0o
0.0 . -k 004 —FN
I,?D-*.'”"‘ os
05 07 % 054 -
PLE
1.0 05 Campache  ~1.09 Yucatan

T T T T

T T T
S0 05 00 05 10

T T T
A0 495 00 o5 10

Figure 4. The changes in the relative position of the ecosys-
tem used to simulate FUFW using shrimp as the target species
in the first two components of the PCA. Note the tendencies
similarity to changes in the harvesting rates in the four eco-
systems (thin lines) and the opposite trends (dashed lines) be-
tween the Gulf of California and Campeche ecosystems (left)
with respect to the Veracruz and Yucatan ecosystems (right).
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Table 4. Ecosystem and functional group attributes (shrimps) emer-
ging as relevant when submitted to different harvesting rates (co-
lumns) after principal component analysis during FUFW analysis.

0.30 0.40 0.50 0.60 0.70 0.80

TL TL TL-* TL- TL* TL*
B B B B B B-
0l- 0l 0l- 0l- 0l- 0l-*
C C C C C- C
FCI FCI FCI FCI FCI FCI
P- P- P- p* P * p*
PL PL PL* PL- PL- PL
TNP TNP TNP TNP
TNP-*  TNP-*  TNP-* TNP* TNP * TNP *
NSP- NSP- NSP NSP NSP-
SOl SOI-* SOI-* SOI-* SOl *
RT- RT- RT- RT-
EE-* EE-* EE EE
PP/B * PP/B*  PP/B- PP/B- *
R/B * R/B* R/B- *
MC- MC- MC-
explained variance
32.94* 32.85% 34.18* 29.87* 31.26* 32.41%
23.65 22.40 21.08 28.72 23.61 21.93

TL =trophic level; B = hiomass, 0l = omnivory index; C = Connectance; FCl =
Finn's cycling index; P = persistence; PL = path length; TNP = total number
of paths; NSP = net system production; SOI = system omnivory index; RT =
recovery time; EE = ecotrophic efficency; PP/B = primary production/bio-
mass ratio; R/B = respiration/biomass ratio; MC=Magnitude of change. *
Component 2, others Component 1.

where the significant variables involved in the responses to fish-
ing are the same, independent of the HR level, but have variable
effects on the ecosystem dynamics. Moreover, the magnitude of
the weighting factors for the ecosystems resulted in similar val-
ues for the different HRs (Table 5).

Table 5. Ecosystem’s weighting factors indicating their relative
contribution when submitted to a range of harvesting rates (colum-
ns), after PCA. Note similarities in their magnitude.

0.3 0.4 0.5 0.6 0.7 0.8

Campeche  0.882 —0.766 -0.707 -0.820 0918
CGoC 0.792 0.787 -0.752 -0.725
Veracruz —0.871 -0.725 -0.812
Yucatén 0828 -0.732 -0.856

CGoC = Central. Gulf of California.
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DISCUSSION

Fishing down the food web is an important concept highlighting
the effect of severe exploitation of higher trophic levels in aquatic
ecosystems. In fact, Pauly et al. (1998) and Pauly (1999) argue
that FDFW can be viewed as an index of ecosystem degradation.
Caddy et al. (1998) suggest that such indices are not necessar-
ily associated with high fishing pressure but that rather, in some
cases, the observed patterns could be a reflection of changes in
ecosystem production originated by other causes. In our experi-
ments, we simulated direct changes caused by harvesting rates,
though other effects could be analysed in analogous experiments.
If we could recreate similar responses, then the implications for
successful fisheries management are obvious; we would know
the processes behind the ecosystem responses.

The Fishery-in-Balance index (Pauly et al,, 2000) is probably
a better indicator of how a fishery is affecting an ecosystem. In-
dependently of the cause, this index expresses how the trophic
levels of fish stock are being modified over time with respect to
the whole ecosystem. An important similarity between both indi-
ces is that they express changes in the ecosystem structure as-
sociated with the trophic level of the target fish species.

The simulations developed here attempt to illustrate some
non-obvious ecosystem processes behind FDFW and FUFW. We
raised the question: what is occurring within the ecosystem when
a high-trophic-level-species or a low-trophic-level-species is
gradually exploited from a low to a high HR (ultimately, reflecting
overexploitation)? The objective here was to understand which
ecosystem processes are more active in these circumstances.

After the application of PCA, important properties emerged in
both cases. For FDFW under low HRs, the mechanisms governing
recovery are basically properties reflecting the shark stock grow-
ing capacity. This is expressed by the magnitude of change and
time of recovery as resilient properties. Other significant stock at-
tributes at low HRs include the following: respiration/biomass (as
a measure of the energetic cost), biomass, ecotrophic efficiency,
and the omnivory index. As the HR increases, ecosystem attri-
butes emerge, and stock attributes become less relevant. The net
system production, as an expression of the carrying capacity, and
the fishery trophic level and path length, as structural properties,
become relevant. The connectance index (a structural property)
appears in all of the cases as a relevant variable associated with
the first component, even under higher HRs (Fig. 3).

Under low exploitation, the relative contribution of each
variable suggests that the first component is associated with the
stock ahility to recover losses, meanwhile within the second com-
ponent, variables are more closely associated with survival, en-
ergetic cost, and stock size. Under intensive exploitation, the sur-
vival and structural attributes of the ecosystem increase within
component one. In the second component the greatest contribu-
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tors, at the stock level, were the time of recovery and energetic
cost and, at the ecosystem level, the total system production and
fishery trophic level.

Figure 3 suggests that variables in component one become
less important as exploitation increases (i.e., importance of the
stock-level variables decreased under overexploitation and eco-
system attributes emerged as more relevant). In particular, path
length emerges as a new relevant variable, which expresses a
structural and complexity property of the ecosystem because it
is computed as the total number of trophic links divided by the
number of pathways. The emergence of structural attributes as
significant variables in ecosystem dynamics during intensive ex-
ploitation of high trophic levels suggest a negative impact risk on
the ecosystem structure, which is consistent with the FDFW con-
cept recognised by Pauly et al. (1998) and Pauly (1999).

The omnivory index at the stock level and connectance index
at the ecosystem level appear to be relevant variables. In both
cases, relative weights tend to increase with increasing HRs.
This trend probably represents the importance of the ability of the
stock and the ecosystem to gain or obtain energy to maintain their
mass balance.

Even when the second component maintains its global
weight with increased exploitation, the relative weight of vari-
ables changes; energetic cost at the stock level, expressed by
R/B ratio, maintains significant weight, although stock size be-
comes irrelevant and the time of recovery becomes relevant. This
finding suggests that resilient properties emerge when the stock
is strongly depleted by exploitation, causing an imbalance of bio-
mass. In this component, the total system production appears to
be a relevant variable at almost all exploitation rates (with the ex-
ception of the lowest, HR = 0.3).

The trends described above suggest two clear responses:
(1) when a high trophic level stock is subjected to a low HR, the
stock attributes influence the recovery process. (2) When the
stock is subject to a high HR and the stock alone is not sufficient
to recover losses (overexploitation), ecosystem mechanisms as-
sociated with structural and functional properties emerged as the
primary stock and ecosystem responses. Under these high-levels
of exploitation, the resilient properties of the target group become
more relevant.

The FDFW concept is associated with the Fishery trophic
level (Table 2), appears to be relevant at HRs > 0.5, and could rep-
resent a limiting biological reference point. Once a high-trophic
level stock is greatly or fully overexploited, its impact is strongly
reflected in the fishery trophic level indicator and in the MTLC and
FIB indices.

Regarding FUFW, less contrast was observed with respect to
the relevant variables influencing mechanisms for stock and eco-
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system recovery after exploitation. In fact, from Table 4, we may
suggest that the same variables are relevant over the range of
simulated HRs that attempted to reflect low and high exploitation.
Biomass, omnivory index, trophic level, and resilience properties
appear relevant at the stock level. Connectance, Finn cycling in-
dex, path length, number of paths, and the system omnivory in-
dex are ecosystem structure properties. Net system production,
respiration/biomass ratio, and primary production/biomass ratio
appear to be relevant ecosystem functional attributes. The only
characteristic that appears to be relevant exclusively for high HRs
was the magnitude of change.

Evidently, there is a contrast between ecosystem and ex-
ploited stock (within that ecosystem) processes under FDFW and
FUFW. In FDFW, there is a clear contrast between relevant at-
tributes concerning under- and overfishing. Under FUFW, how-
ever, the same stock and ecosystem attributes participate in the
response over the entire exploitation range. Clearly, the trophic
level of the target species makes the difference among these situ-
ations. More importantly, the processes behind the impact of fish-
ing at the base of the trophic pyramid are the same along a wide
range of exploitation. Processes at the top of the trophic pyramid
that govern the response to exploitation are different for both un-
der- and overexploitation.
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