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((1) Central message

The north—central Peruvian anchovy stock is embedded in a highly dynamic pelagic system shaped by environmental variability and fishing pressure. A key challenge is to place stock-state changes within an integrated pressure—response framework that separates external pressures, biological
responses, candidate transition windows, and potential early signals of deterioration.
« Core question. When do natural and anthropogenic pressures shift, and do stock-state indicators respond synchronously, after a lag, or after cumulative exposure?

» Analytical approach. We organized the system into three comparable annual domains: natural forcing, fishing pressure, and stock-state response. Within each domain, indicators were grouped into temporal signals and compared using breakpoint windows, lagged and cumulative pressure
structures, and nonlinear response curves.

S Main contribution. We provide a multivariate pressure—response diagnosis of the north—central anchovy system, linking natural forcing, fishing pressure, and stock-state responses through recurrent transition windows, lagged and cumulative effects, and candidate nonlinear response regions.)
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(2) Study system (3) Pressure—response framework
Stock and system. The north—central Peruvian anchovy stock, Engraulis ringens (Jenyns, | | The Peruvian anchovy system was represented as an annual pressure—response e e e e e e e e oo .
1842), was evaluated over 1970—2025 as a key pelagic stock in the Peruvian Humboldt Current | | framework linking natural forcing and fishery pressure with stock-state responses ‘ . Stock-state response :
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reshold-like responses, when deterioration and recovery may follow nonlin- e
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= 300-500 Breakpoints were treated as candidate transitions rather than confirmed regime ' Fishery pressure :
< 500-1000 shifts because abrupt changes may also reflect autocorrelation or statistical . Annual fishery indicators associated with catch, fishing mortality, effort, size- |
— 12 1000—1500 artefacts (Andersen et al., 2009; Haines et al., 2024). ' selective extraction, and spatial fleet dynamics (distance to coast, latitudinal !
T .ll ' distribution, occupied fishing area, and fleet inertia). |
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-16 Cluster-based indices summarized coherent temporal signals within the three diagnostic domains: | | Pressure—response links suggested single-year, lagged, and cumulative associations, including
stock state, natural forcing, and fishery pressure. Stock-state C1 reflected population magnitude— | | synchronous ENSO forcing, delayed habitat—trophic responses, cumulative fishery pressure, and
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i B ns i occupancy and shifted upward around 2000, whereas C2 captured biological quality—life-history | | stock-driven fishery feedbacks.
Longitude (W) structure and showed candidate breakpoints around 1990, 2006, and 2014. Natural forcing
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Fig. 1. Study domain of the north—central Peruvian anchovy stock within the coastal upwelling pelagic system of the | | While fishery pressure separated extraction—effort from selectivity—space use. The years 2000, - ol SN IO OB o =1 e :
Peruvian Humboldt Current. 2006, and 2014 emerged as recurrent candidate transition periods across domains, suggesting i) ¥ Sl N p0454°, 0,027 - D085 1, 0 g
- . . . rdin hway-specific changes in environmental forcing, fishing pressure, an k- : | P T 41 rerry
Why annual indicators? Annual aggregation provides a common temporal scale to integrate c;x; dr atednbut SENNTEY-EPECHIE GETgEs [T Snrenmeril Sieing, T pressiie, anel eios b - A e s e
" " " . . . . " " " m - ! [ ] P e
biological, environmental, and fishery indicators, reducing seasonal noise and emphasizing Sate responses. s . 0.0 o1 i 0.0 Te
: S . | L | |
dong-term trends and cumulative pressure effects on stock-state responses. ) (A) 5 Ll 19852025 ot b e, 20012025 b .. 1985-2025| | 2003-2025
p . C2 (r=0.56; n=29) Biological dimension ks 4 0 1 2 05 00 05 10 4 0 1 2 3 4 0 1 2
0
1T - 1 1 C1 (r=0.68; n=21 3 C2 | Fishery C1 C2 | Fishery C2 C2 | Natural C1 C2 | Natural C2
(4) Workflow for crltlcal pOInt deteCtlon ( Echo aréa ) . |ndiVidua| Condition 3 preslsulrse =el;¥(6;9) prelssI:ree;yt+1 F)I'GISS?,I.':I"I;I;'2 t-3 preslsuf;u:?.“ﬁ)
. GSl anomal , , W 157edf=198 edf = 1 | 1.0edf=278
1. Annual pressure—state matrix = 05 O Population magnitude % [D.e=226% D. e. = 41.5% | D.o.=379%
> V9T . . x | TP = <0003 0.54R=0014" .
X; =[E; | F; | S¢], t =1970,...,2024 ™ Low GS! © Reproductive activity S |
o) N 0.0F &8 —ouder a N
To! O Size structure @ > 3 0.0 4 :
= - - = N ° : -!
2. Direction alignment and robust scaling = @ Somatic growth e W 0.5
* xr I~ 14 . = ° o o%[
x i T - O Spatial behavior oo Yom s o RYGP FPROERICONIAL. Laxicd R S IR o] ) B SN SN BV
Xir = MiXiyes  Ziyp = A —~> I € {-1,+1} 9O 00 -1 0 1 2 05 00 05 10 -1 0 1 2 3 -1 0 1 2
M D(xi ) 8 Pressure-cluster signal matched to stock-state response
. . )
3. Redundancy screening and clustering £ Linf Statistical significance Fig. 3. Lagged, cumulative, and feedback pressure—response links; t — (a:b) denotes prior cumulative pressure and
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7. Candidate transition and response diagnosis
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* 12000 | recurrent across stock state and fishery pressure Fig. 4. Candidate high-gradient response regions from significant GAM links. Dark bands indicate rapid changes in fitted
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Flg... 5. Conceptual synthesis of environmental and fishery pathways affecting stock quantity, biological quality, and . (2006 | strongest mid-2000s window across stock, natural forcing, and fishery pressure P
resilience. > _ . . . Key result. The strongest candidate region was associated with recent fishery pressure on stock magnitude—occupancy,
Key interpretation. Higher fishery pressure was associated with lower stock magnitude—occupancy, but recent biomass- C 014 recurrent late-period breakpoint across stock, natural forcing, and fishery pressure ) while biological quality was linked mainly to prior oxygen—food conditions and longer-term fishery legacy. y
related signals appear relatively buffered, possibly reflecting regulatory constraints and density-dependent availability. In - ~
\contrast, biological quality may deteriorate earlier under habitat—trophic stress. ) (1 O) Limitations and futu re wo rk
4 . ™ | Limitations. Future work.
(9) What this StUdy adds « Annual indicators capture long-term patterns but may mask seasonal mechanisms. » Test natural—fishery pressure interactions.
This study contributes a multivariate pressure—response diagnosis that transforms heteroge- | | ¢ Breakpoints and high-gradient regions are candidate transitions, not confirmed thresholds.  Quantify pressure contributions to population magnitude and biological quality.
neous biological, environmental, and fishery indicators into comparable annual temporal signals | | * Bivariate links limit causal inference and combined-pressure interpretation. « Assess cumulative effects on deterioration and recovery.
for joint analysis. S Autocorrelation and low-frequency variability may affect change-point detection. + Validate candidate zones with autocorrelation-aware or mechanistic models. )
Main contribution. - >
- Builds integrated temporal indices for stock state, natural forcing, and fishery pressure. (1 1) Management relevance and take-home message
» Separates population magnitude—occupancy from biological quality—life-history responses. _ _ S - . _
. Connects transition windows, single-year and cumulative pressure—response relationships Management relevance. Biomass alone may miss early deterioration in anchovy condition. The proposed diagnostic structure separates g;‘gﬂapt;p;gff;iggesin
and candidate nonlinear response regions in one workflow. population magnitude, biological quality, environmental forcing, and fishery pressure, supporting decision-relevant monitoring beyond 2.'}.‘1,222?%:?0‘;;2'}‘2‘,.'1‘2‘;‘:3:
) ) ) ) . . ) I I _ I I & : Sustainable Fisheries .
» Provides a reproducible basis to evaluate early biological deterioration and pressure-related conventional biomass-basedindicators. ‘ | May 438, 2026 La Paz, Mexico
stock responses beyond biomass-only diagnostics. Take-home message. The north—central anchovy stock should be monitored through a multidimensional pressure—response diagnosis. Joint ICES () G " @ 203 o
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