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A B S T R A C T   

While there is a broad understanding of upwelling impacts on the functioning of marine ecosystems, empirical 
data that link this process to commercial species landings have not received the attention they deserve. The aim 
of this study was to explore the role of coastal upwelling in determining total allowable catch (TAC) and harvests 
of benthic fisheries, managed through a policy which assigns Territorial User Rights to Fishers (TURFs) along the 
Chilean coast. We used official historical TAC (217 TURFs) and harvest data (224 TURFs) for one of the most 
important benthic gastropod resources (“Loco”, Concholepas concholepas) of the TURF system. TAC and harvest 
data ranged from 2001 to 2018 and were used to explore relations with an index of seasonal coastal upwelling, 
derived from a spatiotemporal decomposition, of sea surface temperature along the same study areas and period. 
Using Bayesian generalized linear multilevel models (TURFs as group-level effect), we showed a positive and 
significant effect of the upwelling over TAC and harvest of Loco. Model results explained 47% of TAC and 34% of 
harvests. The effects of upwelling were comparatively stronger to the effects of the area (hectares) and the 
number of fisher members of the TURF. In addition, models estimates showed negative inter-annual trends 
during the study period, for TAC and harvests, and that these differed as function of upwelling variability. 
Understanding the role of upwelling gives objective criteria to begin addressing the differential role that social 
and environmental aspects play in overall TURF performance, allowing to begin hypothesizing over socially 
driven deviances from predicted patterns.   

1. Introduction 

Major coastal upwelling zones occur along the edges of the eastern 
boundary currents of the Pacific and Atlantic Oceans (California, 
Humboldt, Iberian/Canary, and Benguela current). These regions are 
the most productive ecosystems of the world and support extensive 
commercial fisheries (Brochier et al., 2011; Chavez and Messi�e, 2009; 
Garrido et al., 2017; Santos et al., 2018; Teixeira et al., 2016). There is a 
broad literature aimed at understanding of the impacts of coastal up
welling process, ranging from a molecular level (i.e. biosynthetic 
capability) to population (e.g. higher growth rate, colonization rate, 

reproductive timing) and community impacts (e.g. higher predation 
rate, competition rate, facilitation rate) (Aldana et al., 2017; Fuentes 
et al., 2017; Menge et al., 2003; Menge and Menge, 2013; Palumbi, 
2003; Pulgar et al., 2011; Zuloaga et al., 2018). These studies indicate 
the importance of nutrient availability as a bottom-up process, in 
determining the “pace of life” in coastal system (Menge et al., 2003). 

The Humboldt Current System (HCS) which extends from ~42� S up 
to about the equator, is one of the most productive marine ecosystems on 
earth (Montecino and Lange, 2009). Upwelling occurs when equator 
ward winds transport surface waters off-shore, replacing them by cold 
and nutrient-rich sub-surface layers (Sobarzo et al., 2007). The input of 
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nutrients into the euphotic zone in conjunction with seasonality in light 
availability (mostly austral spring-summer seasons), promotes an in
crease in primary productivity (Hern�andez et al., 2012; Montero et al., 
2007; Vergara et al., 2017). This enhanced productivity, triggers 
important changes at higher trophic levels (Thiel et al., 2007). 

Recent studies have evidenced that upwelling-favoring winds 
(including in the HCS) have intensified in last decades (Bakun et al., 
2015; García-Reyes et al., 2015; Rykaczewski et al., 2015; Wang et al., 
2015). However, great uncertainty exists on the potentially counter
acting effects of intensifying winds and increasing thermal stratification 
(Bakun et al., 2015; García-Reyes et al., 2015). As a consequence, many 
authors have highlighted the need for research on the influences of 
present and predicted future upwelling process over marine species, 
ecosystems (García-Reyes et al., 2015; Wang et al., 2015) and the fish
eries that depend on them (Perez-Matus et al., 2017). 

The harvesting of marine species by humans can have dramatic ef
fects on the structure and functioning of marine communities (Botsford 
et al., 1997; Dayton et al., 1977; Estes et al., 2011; Hockey and Bosman, 
1986; Siegfried et al., 1985). As such, the management of fisheries is a 
global priority which has increasingly been shifting towards collabora
tive co-management arrangements. In small-scale fisheries these ar
rangements include the granting of Territorial User Rights for Fisheries 
(TURFs) under the premise that they can create incentives for fisher 
communities to achieve sustainability (Gelcich et al., 2017). TURFs 
ensure fishers the right to limit or control access to fishery resources 
within a limited sea territory; to determine the amount and kind of use of 
resources; to benefit from the use of resources and to have access to 
future returns from the conservation of those resources (Gallardo et al., 
2011). 

Chile implemented a national scale TURF system under the Fisheries 
and Aquaculture law Number 18.992, of 1991. TURFs in Chile are 
termed Management and Exploitation Areas for Benthic Resource 
(MEABRs) and are aimed to manage benthic resources (Castilla and 
Fernandez, 1998; Gelcich et al., 2010, 2008; Manríquez and Castilla, 
2001). Under the MEABR regime, the Chilean Undersecretary of Fish
eries assigns a total allowable catch (TACs) to artisanal fisher associa
tions for each TURF based on stock assessments performed jointly by 
fishers and biological consultants. Studies which have assessed biolog
ical impacts of the system find that key commercially important benthic 
species show increases in abundance and size in MEABRs respect to 
open-access areas (Castilla and Fernandez, 1998; Gelcich et al., 2008, 
2019; Molina et al., 2014). 

While Chile has more than 450 functioning MEABRs (Gelcich et al., 
2017) there has been little focus on the role that upwelling might have 
over TACs setting and the harvest of important benthic resources in 
these areas (P�erez-Matus et al., 2017). A long-standing hypothesis of the 
positive effects of habitat productivity on harvest of bentic species, 
within MEABRs, was proposed 23 years ago (Stotz, 1997). In this study 
we tested the hypothesis by determining the role of upwelling variability 
over TURF performance. We specifically use TACs and harvests of the 
economically important benthic gastropod Concholepas concholepas 
(known as “Loco”) (Castilla, 1999), to elucidate the underlying impor
tance of coastal upwelling, as a bottom-up process, under areas managed 
through MEABR regimes. We used the historical data of TACs and har
vests of Loco (from 2001 to 2018) in each MEABR provided by the 
Undersecretary of Fisheries for the Chilean coast. This information was 
then associated to an upwelling index derived from remotely sensed sea 
surface temperature measured during the same period of time. Thereby, 
allowing us to explore how the spatiotemporal variation of TACs setting 
and harvest of Loco in MEABRs is influenced by upwelling-driven 
nutrient availability along the HCS. 

2. Methods 

2.1. Total allowable catch and harvest of loco in MEABRs along the 
Chilean coast 

We analyzed official data of TACs (the Chilean Undersecretary of 
Fisheries assignation for each resource in MEABRs) (from 2001 through 
2018) and harvests (the declared landings by fishers in each MEABR) of 
Loco (from 2001 through 2016) in MEABRs between latitudes 18 and 
41�S in the coast of Chile (SERNAPESCA, December 2016 and December 
2018). The data included (for both TAC and harvest); weight of Loco 
(tons), the date (month and year), MEABR ID to which the TAC or 
harvest belongs and the number of fisher association members who 
manage the MEABR (mean � SD ¼ 56 � 42 fishers). The Undersecretary 
of fisheries provided a file (kmz) with the geographical areas (i.e. 
polygon) of all MEABRs (http://subpesca.cl). With this information we 
calculated the area (hectare) of the MEABRs (mean � SD ¼ 162 � 239 
ha). MEABRs with five or more officially assigned TACs or harvests were 
included in the analysis. TACs data included 217 MEABRs and 10,079 
records and harvest data included 224 MEABRs and 10,052 records. 

2.2. Index of seasonal coastal upwelling along the Chilean coast 

A widely used upwelling index in ecology is the Bakun index (Bakun, 
1973). The Bakun index has been useful in tracking the variability of 
upwelling and linking bottom-up effects with ecological patterns (Black 
et al., 2011; Menge and Menge, 2013; Navarrete et al., 2005, 2002). 
However, it has a coarse spatial resolution and does not account for 
smaller-scale factors (e.g. topography, bathymetry) and inner-shelf hy
drodynamics (Aravena et al., 2014; McPhee-Shaw et al., 2007; Pickett 
and Schwing, 2006). Identifying upwelling centers from thermal image 
variations, has been a long-standing method applied in ecology (Broit
man et al., 2001; Navarrete et al., 2005; Nielsen and Navarrete, 2004; 
Wieters, 2005). However, to our knowledge, at the HCS there is no 
available upwelling index that integrates the upwelling processes from 
macro to local scales (but see, Tapia et al., 2009). 

In this study we determine the seasonal costal upwelling amplitude 
associated to MEABRs along the Chilean coast using remotely sensed sea 
surface temperature (SST, �C). Monthly satellite rasters of surface tem
perature were obtained for the study area (� 72.6855 �W, � 34.8706 �S, 
� 70.9717 �W, � 28.894�S) using moderate-resolution imaging spec
troradiometer (MODIS-aqua-4km) from July 2002 to December 2016. 
These were downloaded from the Giovanni free-online data system 
(http://giovanni.gsfc.nasa.gov). In order to create an index for seasonal 
coastal upwelling along the Chilean coast, a spatiotemporal decompo
sition of the SST was performed. Specifically, we used the Decompose 
and the GetTsStatisticsRaster functions available in the greenbrown 
package (Forkel et al., 2015, 2013) for R (R Core Team, 2017). This 
function decomposes time series using a simple 5 step-wise approach; 
(1) The mean of the series is calculated, (2) a trend over the full length of 
the time series is estimated, (3) the mean and the trend components from 
previous steps are subtracted from the annual values to derive the 
trend-removed and mean-centered annual anomalies, (4) The mean, the 
trend component and the annual anomalies from previous steps are 
subtracted from the original time series to estimate the mean seasonal 
cycle (and its range). In the last step (5), short term anomalies are 
computed by subtracting all components from step 1 to 4 to the original 
time series. Accordingly, this function allows to separate the time series 
of each grid cell (4 km2) into: (a) overall trend, (b) inter-annual vari
ability, (c) seasonal amplitude (range) and (d) short-term variability 
(Forkel et al., 2013). 

Using this approach, we obtained a raster of the seasonal amplitude 
of SST (henceforth, SAM-SST) for the entire Chilean coast. From this 
raster we extracted the mean of the SAM-SST for each MEABR (mean 
value within MEABRs delimitations). The SAM-SST is based on seasonal 
variations of temperature, so areas with no upwelling impact will have 
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very contrasting temperature in cold-seasons (autumn-winter) in com
parison to warm seasons (spring-summer, i.e. high values of SAM-SST), 
while areas with strong upwelling will have similar values of tempera
ture (i.e. low) throughout the year, due to the cold, nutrient rich waters 
upwelled during spring-summer (i.e. low values of SAM-SST, see, Tapia 
et al., 2014). 

2.3. Data analysis 

We used Bayesian generalized linear multilevel models implemented 
with the Stan computation engine (Stan Development Team, 2017) with 
NUTS sampling (Carpenter et al., 2017) via the brms package (Bürkner, 
2017; 2018) for R. Both response variables (TAC and harvest, in tons) 
presented right skewness and therefore were modeled using the 
lognormal distribution. For each response variable (TAC and harvest) 
we started with a null model (M0TAC and M0HAR, for TAC and harvest, 
respectively) with the MEABR ID as a random effect (random in
tercepts). From these null models we generated four alternative nested 
models for both TAC and harvest; M1TAC and M1HAR with the inclusion 
of the area of the MEABRs (log hectare) and the number of members of 
the MEABRs (log of the number of fishers), as fixed variables. M2TAC and 
M2HAR with the inclusion of SAM-SST (continuum variable) as fixed 
variable. M3TAC and M3HAR with the inclusion of the year (factor) as 
fixed variable, and M4TAC and M4HAR with the inclusion of an interac
tion between SAM-SST and the year. Prior to running the models, cor
relations between covariates were examined. These analyzes showed a 
low correlation between covariates (range of Spearman r ¼ 0.16–0.24). 
To choose the most informative model(s) we used the leave-one-out 
cross-validation (LOO) available in the loo package of R. This 
approach, estimates prediction accuracy from a fitted Bayesian model 
(using the log-likelihood) and has shown various advantages over 
simpler estimates of predictive error such as AIC and DIC (Vehtari et al., 
2017). For all models we used weakly informative prior for the co
efficients of covariates (i.e. normal distribution with a mean of zero and 
a standard deviation of 10) and for the random effect (half Student-t 
distribution with 3 degrees of freedom with a mean of zero and a stan
dard deviation of 10). For all models, we ran six chains of 6000 itera
tions with a warm-up period of 3000 iterations and a thinning rate of 10 
iterations (i.e. total post-warm-up samples per model ¼ 18,000). 
Convergence and mixing of chains were inspected visually using trace 
and density plots available in the brms package. In addition we ensured 
that each estimate had more than 400 effective samples and the 
Gelman-Rubin statistic (Rhat) values were below 1.05 (Gelman and Hill, 
2006). 

3. Results 

Spatiotemporal decomposition of SST exhibit a clear pattern of sea
sonal coastal upwelling along the Chilean coast, with a marked increase 
in SAM-SST (i.e. decrease of seasonal upwelling intensity) in a south- 
north direction. Between ~40� S (south of Valdivia) to 31–32� S a 
macro-zone is observed with the lowest SAM-SST, showing a high in
fluence of costal upwelling within South-central Chile, with its cores 
near Concepcion and Constitucion and with an offshore extension of 
>200 km (Fig. 1). Moving north of 30� S SAM-SST increase up to ~23� S 
(near Iquique) where a second meso-zone of seasonal coastal upwelling 
is observed (i.e decrease of SAM-SST; Fig. 1). At a local-scale (i.e. 
MEABRs), SAM-SST showed the same bimodal pattern observed at a 
macro-scale (Fig. 2a). 

Based on the leave-one-out cross-validation (LOO), the best Bayesian 
multilevel model for TAC (i.e. M4TAC, Bayesian R2 ¼ 47%) and harvest of 
Loco (i.e. M4HAR, Bayesian R2 ¼ 34%) had MEABR ID as random effect 
and the following fixed effects: the area of the MEABR (ha), the number 
of members of the MEABR (fishers) and an interaction between SAM-SST 
and the year (Table 1). To test the hypothesis of our work we inspected 
estimates from these models (M4TAC/M4HAR) and for comparison 

purposes we also inspected results from models M3TAC and M3HAR (i.e. 
models without the interaction between the year and SAM-SST). All 
models showed a significant negative (95% credible interval does not 
include zero) effect of SAM-SST over TACs and harvests of Loco (Ta
bles 2 and 3), meaning that for MEABRs with higher seasonal variation 
of sea surface temperature (less influence of upwelling) less tons of TACs 
and harvests were expected along the coast of Chile (Fig. 3). 

We also found a significant positive effect of the area and the number 
of fisher members, over TAC and harvest of Loco (Fig. 3), but these ef
fects were all of lower magnitude (in absolute value) in comparison to 
the effect of SAM-SST (Tables 2 and 3). Considering MEABRs as random 
effect, coefficients from models M4TAC/M4HAR, showed a significant 
variation along the coast of Chile (group-Level effects; Tables 2 and 3), 
and exhibited a bimodal distribution with the highest positive values at 
the southern-end and at the northern-end of the study area, where the 
main upwelling areas occurs (Fig. 2b and c). Overall, TACs and harvest 
of Loco showed a negative trend during the study period, however ex
pected effects from models M4TAC/M4HAR evidenced that these trends 
differed as a function of SAM-SST (i.e. interaction between SAM-SST and 
the year), with consistently higher TACs and harvest of Loco at lower 
values of SAM-SST (greater influence of upwelling; Fig. 4a and b). At an 
average value of SAM-SST, the average MEABR TAC and harvest during 
the study period was 2.8 and 2.7 tons, respectively (Fig. 4c and d). In 
comparison, at one standard deviation above the average SAM-SST (less 
influence of upwelling), the average TAC and harvest during the study 
period was 1.8 and 1.7. While at one standard deviation below the 
average SAM-SST (greater influence of upwelling), the average TAC and 
harvest during the study period was 4.4 and 4.1 tons (Fig. 4c and d). 

Fig. 1. Spatial pattern of seasonal amplitude of sea surface temperature (SAM- 
SST, �C) along the Chilean coast. Results derived from the spatiotemporal 
decomposition of moderate-resolution imaging spectroradiometer. Note that 
areas with strong upwelling will have low values of SAM-SST, due to similar 
water temperature (cold) during autumn-winter (low light availability) and 
spring-summer seasons (cold-nutrient rich upwelled waters). The black contour 
depicts areas most impacted by coastal upwelling (95 percentile of lowest SAM- 
SST). The main near-upwelling localities (only as geographic referential) are 
shown: VAL¼Valdivia, CON¼ Concepcion, CONS¼Constitucion, 
CUR¼Curaumilla point, LVA ¼ Lengua de vaca, HUA¼Huasco, IQU¼Iquique. 
The embedded map shows the location of the study area in western 
South America. 
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4. Discussion 

In this study, we aimed to elucidate the underlying importance of 
upwelling, as a bottom-up process, over TURF performance along the 

Chilean coast. While variability between MEABRs was evident, our 
study indicated that MEABRs located in high productive upwelling 
zones had significantly higher TACs and harvests compared with those 
located in non-upwelling zones. Based on a spatiotemporal decomposi
tion (14 years) of remotely sensed SST our results showed a clear spatial 
pattern of seasonal coastal upwelling along the Chilean coast with two 
macro-zones (from south to north; 40-32�S and 22-18�S), together with 
intermediate points of upwelling (~30�S). This upwelling distribution is 
in accordance with previous studies that identified upwelling centers 
from thermal variations (Aravena et al., 2014; Navarrete et al., 2005; 
Nielsen and Navarrete, 2004; Pinochet et al., 2019; Tapia et al., 2009; 
Wieters, 2005). As such, our results contribute to the a growing amount 
of evidence supporting the hypothesis that at 30–32�S there is a spatial 
transition in ecological process associated to consistent changes in the 
recruitment, abundances and composition of intertidal communities 
(Broitman et al., 2001; Camus, 2001; Lara et al., 2019; Navarrete et al., 
2005; Tapia et al., 2014; Wieters et al., 2009). 

While MEABRs presented high variation along the Chilean coast 
(MEABRs as random effect), the underlying influence of coastal up
welling on Loco’s TACs and harvests was consistent during the study 
period. In fact, models explained 47% and 34% of TACs and harvests of 
Loco, respectively. Results showed that there is a 95% of probability of 
finding a positive effect of coastal upwelling (or negative effect of SAM- 

Fig. 2. (a) Latitudinal pattern of MEABRs upwelling conditions along the 
Chilean coast. The mean seasonal amplitude of sea surface temperature (SAM- 
SST) of each MEABR (average SAM-SST within MEABR spatial delimitation) is 
shown. Each point in the scatter-plot corresponds to a MEABR and its size is 
proportional to their area (ha). (b) Posterior means and 95% credible intervals 
of MEABRs parameters (random intercepts) as estimated for TACs of Loco by 
model M4TAC. (c) Posterior means and 95% credible intervals of MEABR pa
rameters (random intercepts) as estimated for harvests of Loco by model 
M4HAR. The color of the points (MEABRs) in plots (b) and (c) correspond to 
their upwelling condition (i.e. SAM-SST shown in plot a). (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 1 
Models for TACs (Total allowable catch) and harvest of Loco (C. Concholepas) in 
response to; SAM-SST (seasonal amplitude of SST), the area of the MEABR, the 
number of fisher members (NM) of the MEABR and the year as fixed variables 
and MEABR ID as random effect. Models are sorted by increasing LOO values. 
LOO: leave-one-out cross-validation; ΔLOO: LOO differences between ith model 
and the best model.  

Response 
variable 

Model Random Fixed LOO ΔLOO 

TAC (kg) M4TAC MEABR SAM-SST þ Area þ
NM þ Year * SAM- 
SST 

34,166 - 

M3TAC MEABR SAM-SST þ Area þ
NM þ Year þ SAM- 
SST 

34,261 95 

M2TAC MEABR SAM-SST þ Area þ
NM 

35,040 874 

M1TAC MEABR Area þ NM 35,043 877.1 
M0TAC MEABR – 35,044 878.2  

Harvest (kg) M4HAR MEABR SAM-SST þ Area þ
NM þ Year * SAM- 
SST 

29,335 - 

M3HAR MEABR SAM-SST þ Area þ
NM þ Year þ SAM- 
SST 

29,454 118.3 

M2HAR MEABR SAM-SST þ Area þ
NM 

30,188 852.5 

M1HAR MEABR Area þ NM 30,190 854.3 
M0HAR MEABR – 30,192 856.4  

Table 2 
Coefficients, their standard errors, and 95% credible intervals (CI) estimated by 
models M3TAC and M4TAC for TACs of Loco (tons) during the study period. The 
SAM-SST coefficient of M4TAC shows its average effect for all years. All param
eters are significant (95% credible interval does not include zero).  

M3TAC Group-Level 
Effects: 

Est. coef. Est. SE l-95% CI U-95% CI Rhat 

sd (MEABR) 0.91 0.05 0.82 1 1.0 
M3TAC Population-Level Effects: 
Intercept 1.51 0.65 0.25 2.78 1.0 
SAM-SST ¡0.81 0.12 ¡1.04 ¡0.58 1.0 
Log (Area) 0.23 0.07 0.09 0.37 1.0 
log (Number of members) 0.44 0.11 0.23 0.65 1.0 
Model M4TAC 

M4TAC Group-Level 
Effects: 

Est. coef. Est. SE l-95% CI U-95% CI Rhat 

sd (MEABR) 0.90 0.05 0.81 1.00 1.0 
M4TAC Population-Level Effects: 
Intercept 1.49 0.88 ¡0.23 3.21 1.0 
SAM-SST ¡0.80 0.19 ¡1.18 ¡0.44 1.0 
Log (Area) 0.22 0.07 0.08 0.35 1.0 
log (Number of members) 0.45 0.10 0.25 0.66 1.0  

Table 3 
Coefficients, their standard errors, and 95% credible intervals (CI) estimated by 
models M3HAR and M4HAR for harvests of Loco (tons) during the study period. 
The SAM-SST coefficient of M4HAR shows its average effect for all years. All 
parameters are significant (95% credible interval does not include zero).  

M3HAR Group-Level 
Effects: 

Est. coef. Est. SE l-95% CI U-95% CI Rhat 

sd (MEABR) 1.07 0.05 0.97 1.18 1.0 
M3HAR Population-Level Effects: 
Intercept 1.01 0.75 ¡0.45 2.47 1.0 
SAM-SST ¡0.77 0.14 ¡1.05 ¡0.51 1.0 
Log (Area) 0.24 0.08 0.08 0.41 1.0 
Log (Number of members) 0.48 0.12 0.24 0.72 1.0 
Model M4HAR 

M4HAR Group-Level 
Effects: 

Est. coef. Est. SE l-95% CI U-95% CI Rhat 

sd (MEABR) 1.06 0.05 0.97 1.18 1.0 
M4HAR Population-Level Effects: 
Intercept 0.43 0.97 ¡1.49 2.33 1.0 
SAM-SST ¡0.63 0.20 ¡1.03 ¡0.24 1.0 
Log (Area) 0.24 0.08 0.07 0.40 1.0 
Log (Number of members) 0.48 0.12 0.24 0.72 1.0  
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SST) over TACs and harvests of Loco, and that these effects were of 
greater magnitude in comparison to the effects of the MEABR area (ha) 
and the number of members (fishers). In addition, we showed a negative 
temporal trend in TAC and harvest of Loco, however these trends were 
different by upwelling conditions, with consistently lower TACs and 

harvests in non-upwelling located MEABRs. 
These patterns likely arise in response to ecological processes 

occurring at different spatiotemporal scales, from auto-ecological to 
macro-ecological processes. Loco’s diet is based mainly on suspension 
feeders (e.g. barnacles and mussels). This short food chain provides 

Fig. 3. Expected effect of SAM-SST, the area of the MEABRS and the number of members (fishers) over TACs (estimated by models M3TAC and M4TAC) and harvests of 
Loco (estimated by models M3HAR and M4HAR). Posterior means and 95% credible intervals of each variable with all other numerical covariates being set to their 
mean and categorical covariates being set to their reference categories (i.e. conditional effects) are shown. 

Fig. 4. Expected effect of the interaction between 
SAM-SST and the year, over (a) TACs (estimated 
by model M4TAC) and (d) harvests of Loco (esti
mated by model M4HAR). For each year, posterior 
means and 95% credible intervals for the average 
SAM-SST of all MEABRs, the average SAM-SST 
plus one standard deviation and the average 
SAM-SST minus one standard deviation are shown. 
The mean and 95% credible intervals for the entire 
study period and for the same levels of SAM-SST 
described above are shown for TACs (tons) and 
harvest (tons). All other numerical covariates were 
set to their mean (i.e. conditional effects of the 
interaction).   
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highly efficient energy acquisition from primary producers in upwelled 
waters (Stotz, 1997; Stotz et al., 2003). Results complement the findings 
of other studies that have described the impact of upwelling on intertidal 
fishes, algae and key-hole limpets which show upwelling is directly 
associated to growth rates, biosynthetic activity (RNA:DNA ratio), 
earlier reproductive tissue development, and gene expression (Aldana 
et al., 2017; Fuentes et al., 2017; Pulgar et al., 2013, 2012; 2011; 
Zuloaga et al., 2018). 

The impacts of environmental drivers, such as upwelling, on re
sources performance has not been a criterion in the design and analysis 
of the MEABRs system, and could play a critical role when thinking of 
this policy as a network in which some areas can be sources and others 
sinks, for example in terms of larvae production. In this line, and 
considering the documented impact of upwelling on the performance of 
animals and on MEABRs described in this work, the MEABRs located in 
high productivity zones may represent critical nodes to sustain con
nectivity and the functioning of the marine network within HCS. 
Therefore guiding the design of specific support programs, such as 
enforcement investments. Our study represents an important contribu
tion in relating environmental drivers with MEABRs performance in 
Chile, attempting to better inform the policy from an overall network 
perspective along the coast (Gelcich et al., 2019). Estimations along the 
coast of central Chile show that MEABRs show a 20-fold increase in 
Loco’s larvae releases in comparison to open access areas (Blanco et al., 
2017). If these differences are due mainly to the density and the size of 
the females (Manríquez and Castilla, 2001), we can hypothesize that 
TURFs within upwelling centers acts as sources of larvae to TURFs with 
lower productivity (and open access areas). In this sense P�erez-Matus 
et al. (2017), in Central Chile revealed significant impact of upwelling 
on subtidal kelp forest. Their results, suggest that human management 
over benthic resources through TURFs, can provide different benefits for 
some key species under the influence of upwelling, in contrast to TURFs 
in downstream areas. In line to our broader scale result, all these find
ings reveal the need to both develop in depth case studies aimed at 
understanding the interplay between, human harvesting, management 
and oceanographic conditions on the role of MEABRs as an overarching 
network aimed at the sustainability of subtidal habitats. 

Our results show a negative temporal trend in TACs and in Loco’s 
harvests. The trends differed between upwelling and non-upwelling 
conditions, calling further attention to the role of habitat productivity 
in ensuring the resilience of these fisheries, an issue that has not been 
previously considered in TURFs management (Gelcich et al., 2019). TAC 
decline could be driven by many interactive causes which include 
variability in recruitment and stock abundance, differential growth rates 
and/or natural mortality. On the other hand TAC tendency could also be 
confounded by socio-cultural aspects such as poaching, underreporting 
of official landings in areas where TACs and harvests are comparably 
lower (Oyanedel et al., 2018), lack of interest in pursuing TURF man
agement associated to development of other fisheries, local unemploy
ment, poverty (Leal et al., 2010) or increasing age of fishers (Tam et al., 
2018). It is critical to explore how these drivers of change might be 
interplaying in different ways with MEABRs productivity in future 
studies. 

Deviations from the main trends (for both TACs and harvests of Loco) 
between upwelling conditions along the Chilean coast (see Fig. 2), and 
the unexplained variability of our models (more than half the vari
ability), is also probably related to differences in management and the 
social structures of stakeholder groups which are engaged in the co- 
management process (Cinner et al., 2012; Crona et al., 2017; Marín 
et al., 2012). Social structures play a particularly important role over the 
level of enforcement of TURFs, which in turn has proven to be the key for 
TURF outcomes to be achieved (Gelcich et al., 2012; P�erez-Matus et al., 
2017). A recent systematic review, showed increases in biomass, 
abundance, size and CPUE (catch per unit of effort) of target species in 
well-enforced TURFs (Gelcich et al., 2019). Important changes in har
vest traits could also be related to illegal fishing and the underreporting 

of catches (Oyanedel et al., 2018). The relationship between; illegal 
fishing, underreporting of catches and how TURF enforcement may 
change, as function of incentives generated by increased productivity in 
upwelling conditions, represent an interesting venue that needs more 
research. 

In conclusion, this study has addressed the relationship between an 
important benthic fisheries resource and major oceanographic process. 
Our results showed that the performance of MEABRs (TAC and harvest) 
are related to seasonal coastal upwelling along the Chilean coast, 
highlighting the underlying influence of a bottom-up process. The 
ecological significance of determining coastal zones with high and low 
impact of seasonal coastal upwelling, provides important information to 
design structured inquiries into the role that social dimensions play in 
overall performance. Interestingly, it sets the scene to identify “bright” 
or “dark” spots (i.e. as deviations from expectations, see Cinner et al., 
2016) in TURF management which would allow to address the com
plexities of rights based management implementation. We truly believe 
that incorporating ocean dynamics and productivity in addition to social 
determinants as part of a marine governance program could enlighten 
the way fisheries are governed. 
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