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A B S T R A C T   

Marine protected areas (MPAs) have been established across the globe to mitigate the effects of multiple stressors 
on marine communities. In many locations, MPAs have generated positive effects on fish communities, but the 
impacts of fishing pressure—the primary stressor MPAs seek to manage—have not been well investigated. We 
examined changes in fish biomass inside and outside of no-take MPAs over 14 years in central California, USA. 
Using data from the community-based science program, the California Collaborative Fisheries Research Program, 
we tested which environmental and human-induced stressors most influence the strength of MPA responses. 
While temperature and productivity were included in the best fit model, we found that fine-scale fishing effort 
data, following reserve implementation, best explained the spatial variation in fish community responses to 
MPAs. Specifically, differences in fish biomass between MPAs and sites open to fishing were larger for reserves 
near heavily fished locations and these areas exhibited the highest rate of change in fish biomass, indicating 
strong positive effects of the MPA on the most heavily exploited fish communities. As MPAs continue to be used 
as a prominent conservation strategy in coastal systems, managers should consider both the suite of human- 
induced (socio-ecological interactions) and environmental conditions that may alter MPA success as well as 
establish long-term monitoring programs to fully assess the functionality of marine reserves into the future.   

1. Introduction 

Anthropogenic stressors including overfishing, pollution, and cli
matic change threaten coastal ecosystems across the globe and have 
resulted in the decline of important fishery species (Lotze et al., 2006, 
2018; Worm et al., 2006, 2009). To mitigate the effects of these stres
sors—and especially that of fishing—marine protected areas (MPAs) 
have been implemented to enhance overall biodiversity and maintain 
healthy coastal ecosystems (Micheli et al., 2012). Extensive research on 
MPAs has consistently shown that the biomass, abundance, diversity, 
and body size of marine species typically increase within no-take marine 
reserves (Guidetti et al., 2014; Lester et al., 2009). However, the 
strength and outcome of these MPA effects have been correlated with a 
variety of parameters (Caselle et al., 2015; Edgar et al., 2014; Gill et al., 
2017; Knott et al., 2021) and are highly context-dependent, varying 
across both space and time. 

Understanding which factors influence the strength and rate of MPA 
responses is important for adaptive management and setting appropriate 
expectations for stakeholders who may be affected by reserve imple
mentation. Modeling work has suggested that the responses of fish 
communities to MPAs should be related to MPA size, fish movements 
and rates of spillover, time since protection, environmental conditions, 
as well as fishing effort or intensity (Moffitt et al., 2013; Nickols et al., 
2019). Importantly, empirical work has found support for many of these 
factors (Bosch et al., 2021; Goetze et al., 2021). Since no-take marine 
reserves restrict fishing, pre-existing and subsequent post- 
implementation fishing pressure adjacent to reserves should strongly 
influence the MPA response. Still, many models of MPA efficacy assume 
that fishing pressure is homogenous across an area, often due to a lack of 
fine-scale data on the spatial distribution of effort (Lynch, 2006). 
However, even across relatively small spatial scales, the influence of 
MPAs on their associated fish communities can vary substantially. For 
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instance, Hamilton et al. (2010) found that differences in MPA responses 
across the Channel Islands, California (spanning ~100 km) were related 
to the geographic locations of reserves and local sea surface tempera
ture. In addition, relatively few empirical studies have tested the effect 
of external fishing effort on the efficacy of MPAs (Lenihan et al., 2021). 
One empirical example examined the influence of pre-implementation 
fishing pressure on MPAs in southern California. The authors found 
that the difference in lengths of targeted fish species between MPAs and 
areas open to fishing were greater for MPAs which experienced higher 
fishing pressure prior to MPA implementation, compared to areas with 
lower fishing pressure (Jaco and Steele, 2020). Still, few studies have 
explored the community or ecosystem impacts of fishing pressure on 
MPA responses. 

In 2007, California began a stakeholder driven process to implement 
a network of MPAs spanning the entire state coastline. The process 
utilized input from fishers, conservationists, and other stakeholders, as 
well as scientific recommendations on sizing and spacing that were 
informed by data on habitat, abundances of key indicator species, home 
range size, and estimates of larval dispersal distances (Saarman and 
Carr, 2013). Over the past 15 years, researchers have monitored Cali
fornia MPAs and sought to assess the efficacy of these protected areas for 
enhancing the abundance, biomass, and diversity of species targeted by 
fisheries across multiple habitat types (e.g., kelp forest, nearshore rock; 
Caselle et al., 2015; Starr et al., 2015). 

The California Collaborative Fisheries Research Program (CCFRP) 
focuses on monitoring how nearshore rocky reef fishes respond to MPAs. 
CCFRP is a community-based research program and partnership of 
volunteer anglers, scientists, NGOs, Commercial Passenger Fishing 
Vessel (CPFV) charter businesses, and resource management agencies 

(California Department of Fish and Wildlife [CDFW] and NOAA National 
Marine Fisheries Service [NMFS]) interested in sustainable fisheries. By 
combining the expertise and ideas of these diverse groups, CCFRP has 
successfully established rigorous and standardized scientific-fishing 
protocols to monitor socioeconomically valuable fish species in MPAs 
relative to reference sites open to fishing (Wendt and Starr, 2009). 

In this study, we utilized data from CCFRP to test spatial and tem
poral variability in targeted fish communities inside and outside of four 
no-take MPAs along the central coast of California from 2007 to 2020. 
Fine-scale estimates of fishing effort were derived from the CDFW Cal
ifornia Recreational Fisheries Survey (CRFS). We also included high 
resolution quantitative data on environmental conditions (e.g., sea 
surface temperature, net primary production, wind speed, and wave 
energy). Sites included Año Nuevo State Marine Reserve (SMR), Point 
Lobos SMR, Piedras Blancas SMR, and Point Buchon SMR (Fig. 1). 
Specifically, we evaluated how total fish biomass changed after imple
mentation of MPAs and what external forces drove changes in fish 
biomass through time. We hypothesized that MPAs would have an 
overall positive effect on fish biomass, but the magnitude of change 
would be mediated by environmental conditions and fishing pressure 
adjacent to reserves. We analyzed (1) 14 years of fishery-independent 
catch-and-release data, beginning the year of MPA implementation, 
(2) environmental data on oceanographic conditions, and (3) fishing 
effort data in our reference sites to test which factors influenced the 
strength of MPA responses of recreationally important nearshore fishes. 
We found that fine-scale fishing pressure explained the majority of 
variance in the fish biomass response between MPAs and sites open to 
fishing, providing the first clear empirical evidence of the importance of 
post-implementation fishing effort in affecting the strength of MPA 

Fig. 1. Map of MPA and reference site (REF) sampling grid cells at (A) Año Nuevo, (B) Point Lobos, (C) Piedras Blancas, and (D) Point Buchon State Marine Reserves. 
Shaded red area indicates MPA boundaries. MPA grid cells in red. REF grid cells in blue. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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responses. 

2. Materials and methods 

2.1. Fishery-independent CCFRP sampling 

Sampling occurred in four different geographic locations along 350 
km of coastline (Fig. 1). Each location contained one MPA and paired 
reference site (Wendt and Starr, 2009; Yochum et al., 2011). Sampling 
locations included four no-take State Marine Reserves where fishing is 
not permitted (Año Nuevo, Point Lobos, Piedras Blancas, and Point 
Buchon) and the reference sites associated with each of these MPAs. 
Corresponding reference sites were selected based on the criteria that 
they share similar habitat, bathymetry, and oceanographic conditions 
with the MPAs but are far enough away to minimize the potential that 
fish populations inside a reference site are greatly influenced by a 
nearby MPA (e.g., by adult spillover from the MPA to the reference site). 
Given those criteria, reference sites were located 0.5–10 km away from 
the corresponding MPAs. Collaborating anglers were helpful in choosing 
appropriate survey areas and reference sites for the MPAs by applying 
their extensive knowledge of the historic fishing activity and the avail
able habitat at each site (Yochum et al., 2011). 

The Año Nuevo, Point Lobos, Piedras Blancas, and Point Buchon 
SMRs encompass areas of 26.4 km2, 14.0 km2, 26.9 km2, and 17.4 km2, 
respectively and are all located adjacent to limited-take State Marine 
Conservation Areas. Within the boundaries of each MPA and reference 
site, 500 m by 500 m fixed grid cells were delineated in rocky habitats 
shallower than 40 m depth (to limit fishing mortality associated with 
barotrauma). A total of 22 fixed grid cells at Año Nuevo, 17 cells at Point 
Lobos, 57 cells at Piedras Blancas, and 22 cells at Point Buchon (across 
MPAs and reference sites) were designated, numbered, and then chosen 
at random to be sampled on a given day (Fig. 1). Differences in the 
number of sampling cells reflect different sizes of the MPAs and amounts 
of suitable rocky habitat in the appropriate depth zones for sampling. 

Surveys were conducted annually in the four areas from 2007 to 
2020 (except that surveys did not occur at Piedras Blancas in 2007 and 
2015). Volunteer anglers were recruited from various fishing clubs, 
online fishing websites, and from previous collaborative studies. Surveys 
occurred in the late summer period from mid-July through September, 
when ocean conditions in the region are most consistent. Each MPA or 
reference site was sampled at least six days per year. Before each day of 
fishing, four grid cells in a given MPA or reference site were randomly 
chosen for sampling. Captains were instructed to locate three suitable 
fishing locations within each grid cell to complete fishing drifts with a 
goal of 15 min each. For each drift, information on the number of fishers, 
time spent fishing, location (GPS coordinates), depth (ft.), habitat relief, 
and other environmental variables were recorded. We used a stan
dardized set of fishing gear (lead jigs, shrimp flies without bait, and 
shrimp flies with squid bait) in order to capture a variety of species and 
cover the spectrum of typical hook-and-line fishing gear used in this 
region. Captured fishes were identified to species, measured to the 
nearest cm, and released. Lengths reported are total length, defined as 
the distance from the tip of the snout to the most posterior part of the 
caudal fin without compressing the tail. We recorded the locations 
(latitude and longitude) and depths where fishes were released. The 
effects of barotrauma were reduced with descending devices and by 
minimizing the duration of time that the fishes were on board the vessel. 
We aimed to process and release fish in <5 min in order to minimize 
effects of barotrauma and handling stress (Jarvis and Lowe, 2008). 

2.2. BPUE and response ratio calculations 

To standardize our sampling effort, we calculated biomass per unit 
effort (BPUE). BPUE was calculated as the total weight of fish in kilo
grams divided by the number of hours fished by anglers (kg angler h− 1) 
for each MPA and reference site. We first calculated BPUE for each fish 

caught by converting total length (cm) to weight (kg) using published 
length-weight relationships for each species (Love et al., 1990) divided 
by total time fished for each grid cell. BPUE for each grid cell sampled on 
a given day was averaged to estimate BPUE for the total fish community 
inside and outside each MPA in a given year of sampling. Using BPUE 
values, a yearly biomass response ratio was calculated to estimate the 
strength of the MPA effect on fish BPUE inside relative to outside the 
MPA. BPUE response ratios were calculated by taking the log of the 
quotient between biomass inside relative to outside the MPA: Log 
(BPUEMPA/BPUEReference). 

A biomass response ratio above zero indicates higher total fish 
biomass inside the MPA compared to the reference site, while a value 
below zero indicates higher total fish biomass in the reference site 
compared to the MPA. 

2.3. Environmental data extraction 

Environmental data (sea surface temperature, net primary produc
tion, wind speed, wave height and wave orbital velocity) were extracted 
from the Central and Northern California Ocean Observing System 
(CenCOOS) Repository (cencoos.org). Sea surface temperature (◦C; SST) 
was originally collected from the Advanced Very High-Resolution 
Radiometer instrument aboard NOAA's Polar Operational Environ
mental Satellites. SST measurements were collected daily from 2004 to 
2020 at a 1.47 km spatial resolution. Values are accurate to ±0.7 ◦C. Net 
Primary Production data (mg C m− 2 day− 1; NPP) were collected by the 
California Current Merged Satellite daily from 1996 to 2020 at a 4 km 
spatial resolution. Wind Speed (m s− 1) was extracted from the Coupled 
Ocean/Atmosphere Mesoscale Prediction System (COAMPS) through 
the CenCOOS repository. COAMPS is a high-resolution meteorological 
forecast model with a 4-km resolution. Significant wave height (m) and 
wave orbital velocity (m s− 1; derived from wave height and dominant 
period) were extracted from the Coastal Data Information Program 
spectral files at the station nearest each MPA. Wind speed and wave 
metrics may affect underwater visibility, the presence of certain fish 
species due to increased turbulence, or could affect fishing quality and 
therefore were considered in modeling efforts. For all environmental 
variables, we extracted the mean monthly data for each CCFRP grid cell 
for the time period during sampling between the months of July and 
October from 2007 to 2020. 

2.4. Fishery-dependent microblock data 

Fishing effort data were obtained from the California Recreational 
Fisheries Survey (CRFS) conducted by CDFW from 2012 to 2019. We 
focused our efforts on the CRFS Private and Rental Boat (PR) surveys. 
These surveys are conducted by CRFS samplers at public launch ramps 
or access sites as anglers return from their fishing trips. The surveys are 
voluntary and anglers are interviewed about their fishing trips, 
including the number of people who fished, the number of days fished, 
the taxon targeted, and the catch location. CRFS data are spatially 
referenced across 18.52 km × 18.52 km (10 × 10 nautical mile) fishing 
blocks, which are further divided into 1.85 km × 1.85 km (1 × 1 nautical 
mile) fine-scale microblocks. We only used data that were reported at 
the finer microblock resolution. Although CRFS also collects information 
on catch, we focused on fishing effort, approximated by the number of 
angler days for each unique fishing trip. We extracted fishing effort data 
from the microblocks overlapping with each CCFRP reference site cell 
for each MPA and year available. The total number of angler days per 
year within a microblock were summed and then averaged across all 
microblocks for a given year and MPA area. 

2.5. Statistical analysis 

To assess total fish biomass in the MPA and reference sites with time 
since MPA implementation, we ran a two-way interactive Analysis of 
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Covariance (ANCOVA). To further assess the relative effect of protection 
(or fishing closure) on fish biomass from MPA implementation in 2007 
to 2020, we ran generalized linear models on the calculated biomass 
response ratios through time at each MPA, independently. To determine 
if human-induced stressors (i.e., fishing pressure) and environmental 
conditions significantly varied across years and MPAs, we serially con
ducted linear models for each environmental variable and external 
fishing effort, independently, for years with sufficient data. Environ
mental data that differed statistically by year and location (sea surface 
temperature and primary production) were included while variables 
that were not significant (wind speed, wave height and wave orbital 
velocity) were dropped from subsequent analyses. To determine the 
relative influence of environmental conditions (sea surface temperature 
and primary production) and fishing effort on spatial differences in 
biomass response ratios (i.e., MPA effect size), we ran generalized ad
ditive mixed models (GAMM) with the mgcv package in R (Wood, 2011) 
to smooth the interannual stochasticity in the data. Our models included 

net primary production, mean sea surface temperature during the 
sampling period, and the number of angler days per microblock as fixed 
effects, with a smoothed random effect of year. The model with the best 
fit was selected using Akaike Information Criterion (AIC). All analyses 
were conducted in R statistical software version 4.0.5 (R Core Team, 
2021). 

3. Results 

Fish BPUE (biomass per unit effort) increased in both MPA and 
reference sites from the time of MPA implementation at all sampling 
sites (Fig. 2). Overall, BPUE increased by 306% inside MPAs, while it 
increased on average by 80% in the reference sites. However, fish BPUE 
as well as the difference in fish BPUE between the MPA and reference 
sites varied by location and across years. Año Nuevo sampling sites 
contained the lowest fish BPUE compared to all other areas with a 
maximum annual mean BPUE of 9.8 kg angler h− 1 (95% CI 8.9, 10.6). 

Fig. 2. Annual fish biomass per unit effort 
(BPUE) inside and outside of (A) 4 MPAs 
combined (faded points are individual MPA 
values and opaque points are means of the 4 
central coasts MPAs) and (B) each of the 4 
MPAs along the central coast of California. 
Red points are MPA sites and blue points are 
reference (REF) sites. Trend lines are linear 
regressions for the effect of time since 
implementation (year) on fish biomass. All 
values are means ± 95% CI. (For interpre
tation of the references to color in this figure 
legend, the reader is referred to the web 
version of this article.)   
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Maximum annual mean BPUE was highest at Point Lobos at 22.3 kg 
angler h− 1 (95% CI 20.4, 24.1). At Point Lobos, Piedras Blancas, and 
Point Buchon there was a significant interaction between year and 
protection status (MPA vs. reference) on changes in fish BPUE 
(ANCOVA: Year x Protection Status, Point Lobos: F1,24 = 21.8 p < 0.001; 
Piedras Blancas: F1,24 = 7.92, p = 0.011; Point Buchon: F1,24 = 33.6, p <
0.001, respectively), with BPUE increasing more rapidly inside the MPA 
at all three locations. At Point Lobos, BPUE increased by 320% inside the 
MPAs and by 8% in the reference site. At Piedras Blancas, BPUE 
increased by 432% inside the MPA and by 235% outside the MPA, while 
at Point Buchon, BPUE increased by 232% inside the MPA but stayed 
relatively constant (14% increase) in the reference site. At Año Nuevo, 
there was a significant increase in total fish BPUE over time (ANCOVA: 
Year, F1,24 = 25.8, p < 0.001), but no difference in the rate of BPUE 
accumulation between MPA and reference sites (MPA = ANCOVA: Year 
× Protection Status, F1,24 = 1.42, p = 0.24). At Año Nuevo, BPUE 
increased by 183% inside the MPA and by 125% outside the MPA. 

The effect of MPA fishing closures on fish BPUE (i.e., BPUE response 
ratio comparing biomass inside the MPA relative to the paired reference 
site) was positive (higher BPUE inside MPAs relative to references) for 
all years averaged across the four Central Coast MPAs surveyed. The 
magnitude of the effect of the fishing closure on fish BPUE increased 
with time since implementation (Linear Regression: F1,12 = 32.98, p <
0.001, r2 = 0.71), indicating that BPUE was increasing at a faster rate 
inside MPAs compared to reference sites. However, the rate of change in 
BPUE response ratios varied across MPA locations (Fig. 3). BPUE 
response ratios were positive for all years post-MPA implementation at 
Point Lobos, Piedras Blancas, and Point Buchon, indicating higher fish 
BPUE in MPAs compared to associated reference sites. BPUE response 
ratios were positive at Año Nuevo for all years except 2007 (year of 
implementation, lnRR = − 0.16) and 2013 (lnRR = − 0.32), indicating 
that fish BPUE was higher in reference sites compared to MPAs in those 
two years. BPUE response ratios increased significantly from the date of 
MPA implementation at Point Lobos (Linear Regression: F1,12 = 13.22, p 

Fig. 3. BPUE response ratios for the (A) 4 
MPAs combined (faded points are individual 
MPA values and opaque points are means of 
the 4 central coasts MPAs ± 95% CI) and (B) 
each of the 4 MPAs along the Central Coast 
of California from implementation in 2007 
to 2020. Trend lines are linear regressions 
for the effect of time since implementation 
(Year) on biomass response ratios. BPUE 
response ratio values (y-axis) values greater 
than zero indicate higher total fish biomass 
inside the MPAs relative to the reference 
sites.   
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= 0.003, r2 = 0.52) and Point Buchon (Linear Regression: F1,12 = 96.41, 
p < 0.001, r2 = 0.89). At Año Nuevo and Piedras Blancas, BPUE response 
ratios slightly increased from the date of MPA implementation to 2020; 
however, these relationships were not statistically different (Linear 
Regression: Año Nuevo: F1,12 = 0.71, p = 0.41, r2 = 0.06; Piedras 
Blancas: F1,12 = 1.77, p = 0.21, r2 = 0.15; Fig. 3). 

We identified clear differences in environmental conditions and 
recreational fishing effort among sites and with time since MPA imple
mentation (Fig. A1). On average, mean sea surface temperature (◦C) 
during the CCFRP sampling period ranged from ~13 ◦C to 17.5 ◦C and 
increased through time with peak temperatures at all sites occurring 
during a marine heatwave in 2014–2016 (ANOVA: F1,43 = 7.80, p =
0.007). Temperatures were highest in the southernmost location, Point 
Buchon, for all years sampled (ANOVA: F3,43 = 3.83, p = 0.02) compared 
to other MPAs (Fig. A2). Net primary production (mg C m− 2 yr− 1) was 
also variable across years (ANOVA: F1,43 = 4.03, p = 0.05), ranging from 
1000 mg C m− 2 yr− 1 to upwards of 3000 mg C m− 2 yr− 1 across MPA sites 
in a single year (ANOVA: F3,43 = 7.64, p < 0.001) (Fig. A3). Fine-scale 
recreational fishing effort extracted from CDFW microblocks (1.85 km 
× 1.85 km) from 2012 to 2019 showed high variability across years 
(ANOVA: F1,23 = 6.8, p = 0.015) and sites adjacent to MPAs (ANOVA: 
F3,23 = 52.57, p < 0.001). Reference sites outside of Point Lobos and 
Point Buchon had 2–3× as many angler days per microblock as Piedras 
Blancas or Año Nuevo in a given year (Fig. A4). We also examined wind 
speed, wave height and wave orbital velocity and found them to be non- 
informative, so excluded them from the final models. 

Fine-scale recreational fishing effort and time since MPA imple
mentation showed a clear influence on BPUE response ratios. This in
dicates that the differences in fish BPUE between the MPA and reference 
sites depend on the level of fishing pressure outside the MPA in a given 
year (Table 1; Fig. 4). The trends in BPUE were dominated by the top ten 
most abundant species at our sites (Fig. A5), with species such as the 
blue and deacon rockfish complex (Sebastes mystinus and Sebastes diac
onus), olive rockfish (Sebastes serranoides), gopher rockfish (Sebastes 
carnatus), copper rockfish (Sebastes caurinus), vermilion rockfish 
(Sebastes miniatus), and lingcod (Ophiodon elongatus) contributing most 
to the differences in BPUE between MPA and reference sites. The best fit 
GAMM model, identified by model selection with AIC, included fine- 
scale fishing effort, smoothed terms for sea surface temperature and 
net primary production, and a random effect of time since MPA imple
mentation (GAMM: radj

2 = 0.67; Table 1). Fishing pressure post- 
implementation was the single most important variable in explaining 
spatial and temporal variation in biomass response ratios across all sites, 
accounting for 71.9% of the deviance alone (Table 2). Specifically, there 
was a clear positive relationship between external fishing effort in a 
given year and BPUE response ratios (GAMM: t = 5.58, p < 0.001), 
whereby the strongest MPA responses (i.e., differences between fished 
and unfished sites) occurred in locations with the highest fishing effort 

outside the MPA (Table 2). A random effect of time since MPA imple
mentation also had a clear positive association with biomass response 
ratios (GAMM: F = 10.02, p = 0.002) indicating that the longer the MPA 
is in place, the larger the differences in BPUE between MPAs and 
reference sites, regardless of the amount of external fishing effort. 
Smoothed temperature and net primary production values were 
included in the model as predictors of biomass response ratios (based on 
model selection via AIC). However, net primary production had a small 
negative association with BPUE response ratios (GAMM: F = 4.71, p =
0.04) and there was no association between temperature and BPUE 
response ratios (GAMM: F = 0.86, p = 0.46). 

4. Discussion 

The ecological success of MPAs will be dictated by a variety of 
environmental and human-induced factors (Edgar et al., 2014). We 
found that differences in the amount of total fish biomass inside MPAs, 
in comparison to external fished reference sites, were greatest in loca
tions with high fishing pressure post-MPA implementation. Our results 
present the first empirical evidence that the responses of fish assem
blages in MPAs are directly related to the amount of human-induced 
fishing pressure outside of a reserve following implementation, and 
that this response is mediated by the time since MPA implementation. 
Environmental conditions of water temperature and primary produc
tivity explain additional variation in fish biomass responses, but their 
contributions were negligible compared to the effects of fishing pressure 
and MPA age. These findings provide empirical evidence that human 
activity – namely fishing pressure – following MPA implementation can 
influence the trajectory and time required to observe the benefits of 
reserves for key species and fish communities. Further, our study high
lights the need for reliable information regarding human activity to help 
set expectations for what responses might occur following MPA 
implementation. 

The Point Lobos and Point Buchon SMRs experienced the highest 
relative fishing effort outside the MPAs (50–150 angler days micro
block− 1 yr− 1) and exhibited the highest rate of change in BPUE response 
ratios. In both of these locations, fish BPUE increased steadily inside the 
MPA, while biomass stayed at a relatively constant level in the reference 
sites. Some researchers have expressed concern that MPAs may result in 
redistribution of fishing effort to remaining locations open to fishing; 
however, we found that the level of fishing effort in our study locations 
was not sufficient to depress fish populations in these reference sites 
(Agardy et al., 2011; Murawski et al., 2005). In contrast to previous MPA 
synthesis studies (Kellner et al., 2007; Ohayon et al., 2021), fishing 
pressure adjacent to MPAs in central California did not appear to slow 
growth of fish populations inside the MPAs themselves. Furthermore, 
the magnitude of BPUE response ratios at locations with high fishing 
effort increased with time since MPA implementation, indicating that 
the benefits from these MPAs are still accumulating, even 14 years after 
fishing was prohibited inside the MPA (Babcock et al., 2010; Nickols 
et al., 2019; Starr et al., 2015). 

In contrast, at Piedras Blancas and Año Nuevo SMRs, sites with low 
relative fishing effort outside the MPA (<50 angler days microblock− 1 

yr− 1), there was a much weaker, and non-significant, positive increase in 
biomass response ratios since MPA implementation. At these two loca
tions, fish BPUE increased through time in both the MPA and reference 
sites, potentially reflecting the effects of strong recruitment and year- 
class strength, or other fishery management actions, that were not 
erased by high fishing pressure outside the MPAs (da Silva et al., 2015; 
Jennings, 2000). While these sites are still showing benefits of fishing 
closure on fish communities, the positive effects are slower to accumu
late (when comparing the MPA to their paired reference site) relative to 
MPAs near areas experiencing higher fishing effort. Previous studies 
have found that the amount of fishing pressure in an area prior to closure 
is one of the best indicators of MPA success for targeted fishes across 
tropical and temperate systems (Jaco and Steele, 2020; Lenihan et al., 

Table 1 
Comparison of generalized additive mixed model predicting the influence of 
fishing effort and environmental variables (SST and NPP) on fish biomass 
response ratios at four central California MPAs.  

Model df AIC 

Sea surface temperature + s(1|Time since implementation)  3.866  47.937 
Primary production + s(1|Time since implementation)  3.883  45.505 
Fishing effort + Sea surface temperature + s(1|Time since 

implementation)  
4.890  26.693 

Fishing effort + s(Sea surface temperature) + s(1|Time since 
implementation)  

5.229  26.387 

Fishing effort + s(1|Time since implementation)  3.899  24.765 
Fishing effort + Sea surface temperature + s(Primary 

production) + s(1|Time since implementation)  
5.915  23.847 

Fishing effort + Sea surface temperature + Primary production+
s(1|Time since implementation)  

5.916  23.847 

Fishing effort + s(Sea surface temperature) + s(Primary 
production) + s(1|Time since implementation)  

6.487  22.834  
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2021; Nillos Kleiven et al., 2019). Our study is the first to use empirical 
fishing effort data post-MPA implementation and indicates that after 
redistribution of fishing effort due to closure, the amount of fishing 
pressure in areas outside an MPA is the strongest predictor of fish re
sponses to MPAs over time. 

We propose that angler behavior and fine-scale fishing effort outside 
of an MPA post-implementation (i.e., adaptive human feedback; Thamp 
et al., 2018), may be a better indicator of MPA efficacy through time for 
targeted fish communities than pre-implementation fishing pressure. 
For instance, the area now within Piedras Blancas SMR experienced 
historically high fishing pressure due to the presence of extensive high- 
quality fish habitat, even though this site was relatively far from port 
(California Ocean and Science Trust and California Department of Fish 
and Wildlife, 2013). The longer distance from port, requiring good 
weather days to reach, and a lower amount of high-quality fishing area 
available post-MPA implementation may have resulted in a decline in 
total fishing effort in the reference sites, rather than the expected 
redistribution of effort to locations directly outside the MPA (Ivens- 
Duran, 2014). 

At both Piedras Blancas and Año Nuevo (where BPUE increased both 
inside and outside the MPAs after closure) the combination of distance 
from port and changes in angler behavior across years dampened fishing 
effort outside the MPA (similar to observations by Lynch, 2014). This 
resulted in a slower accumulation of perceived MPA benefits compared 
to locations with high fishing effort in the reference sites. Thus, low 

fishing effort outside the MPA resulted in similar rates of biomass in
crease both inside and outside the MPA. This phenomenon emphasizes 
the need to incorporate socio-ecological interactions (Pollnac et al., 
2010) and the optimization of fisheries management into predictions 
and expectations of conservation outcomes, in addition to traditional 
metrics used in reserve network design (e.g., size, spacing, configura
tion, etc.; Gaines et al., 2010; Rassweiler et al., 2012). This is not to say 
MPAs should not be placed in areas with low relative fishing effort 
(especially within a reserve network), but more appropriately scientists 
and managers should expect a slower and less dramatic response of fish 
communities to MPA implementation in areas of low fishing pressure 
compared to areas with high fishing pressure. 

The results of our study are dependent on the quality of fishing effort 
data provided by the CRFS and the locations of our survey sites. There 
may be variability in the proportion of anglers participating at each port 
and across years however, the average number of angler fishing days 
across microblocks and years clusters by the marine reserves sampled. 
For example, at Piedras Blancas angler days are consistently less than 25 
days per year while at Point Buchon angler days are greater than 75 days 
across all years sampled (Fig. A1). These stark and consistent differences 
in relative fishing effort among locations increase our confidence in the 
reliability of the fine-scale fishing effort data from the central coast 
management region, at least in relative terms. The rank ordering of sites 
by fishing pressure from the CRFS data also match expectations based on 
conversations with anglers, fishing captains, and other experts in terms 
of which sites experience the highest and lowest fishing effort. 
Furthermore, inaccuracies or other noise in these fishing effort data 
would also be more likely to obscure any patterns we observed, such that 
our estimates of the impacts of fishing effort on MPA responses may be 
conservative. 

Our best fit model also included environmental conditions such as 
sea surface temperature and net primary production, but these variables 
had negligible effects on BPUE response ratios (Fig. 4). This indicates 
that the extent to which environmental conditions will influence un
derlying annual variability in fish biomass within coastal systems seems 
to be independent of MPA protection status. Further evidence for this 
pattern comes from the marine heatwave that impacted the California 
coast between 2014 and 2016. This significant thermal anomaly 
impacted ecosystems across the state and also altered fish community 
composition of marine reserves (Freedman et al., 2020). While the 

Fig. 4. Fishing effort (A) and environmental variables [SST (B) and NPP(C)] in relation to biomass response ratios for the 4 MPAs along the Central Coast for years 
with sufficient data between 2007 and 2019. Trend lines are linear regressions for the effect of each variable on BPUE response ratios. Solid regression lines indicate 
statistically significant relationships, dashed regression lines indicate non-significant relationships. BPUE response ratio values (y-axis) greater than zero indicate 
higher total fish biomass inside the MPAs relative to the reference sites. 

Table 2 
Output for the best fit model testing the influence of fishing effort and envi
ronmental variables on fish biomass response ratios at four central California 
MPAs.  

Model output 

Predictors Estimates CI p-Value 

Intercept  0.214 − 0.17–0.60  0.249 
Fishing effort  0.011 0.009–0.013  <0.001 
s(Sea surface temperature)    0.465 
s(Primary production)    0.039 
s(1|Time since implementation)    0.002 
Observations  31   
R2  0.669    
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community composition within MPAs may have changed during this 
event, our results suggest that fish biomass changed similarly inside and 
outside of MPAs. Freedman et al. (2020) found that targeted species, 
which benefit the most from fishing closures, were least affected by the 
heatwave. Our data show that BPUE of recreationally targeted fishes 
inside the MPAs and biomass response ratios did not drastically decline 
during or after the marine heatwave, further supporting the observation 
that MPAs may mitigate the effects of temperature anomalies on the 
overall biomass of recreationally targeted coastal fish communities. 
However, the potentially minimal impact of temperature anomalies on 
targeted fishes may only hold true for temperate MPAs. In tropical 
systems, MPAs are dominated by coral reef systems where extreme 
temperature shifts appear to drastically impact overall reserve func
tionality (Graham et al., 2020). The impacts of temperature anomalies 
on tropical systems are exacerbated by coral bleaching and the loss of 
structured habitat. However, communities within temperate MPAs may 
be better able to withstand future climatic shifts due to higher resilience 
of habitat structure (i.e., rocky reefs vs. coral reefs; Brown et al., 2021; 
Reed et al., 2016). Alternatively, the lack of a clear influence of anom
alous temperature on fish biomass within these temperate MPAs may be 
a result of our sampling across a section of coastline with a relatively 
small temperature gradient. 

Primary production flows through an ecosystem and can directly 
contribute to increased biomass or secondary production in higher level 
consumers, such as fish communities. Our results show a small negative 
relationship between primary production and fish BPUE. This is most 
likely due to higher productivity occurring at the Año Nuevo SMR where 
BPUE response ratios and fishing effort were the lowest. Primary pro
duction in upwelling systems, such as the California coast, varies greatly 
both spatially and temporally (Checkley and Barth, 2009) and previous 
studies have shown these oscillations in productivity influence processes 
such as recruitment and year class strength, potentially explaining the 
negative relationship we observed (Caselle et al., 2010). Higher reso
lution primary productivity data or future considerations of lag effects 
from changing environmental conditions may assist in the development 
of predictive models for MPA efficacy through time (Barceló et al., 
2021). The temporal variability in environmental conditions may have 
had a greater impact on fish communities closer to the time of MPA 
establishment (White et al., 2010, 2011) as previous studies have shown 
that along the central California coast there was no influence of MPAs on 
fish communities until more than five years post-implementation (Starr 
et al., 2015). In addition, across our sites, there may be potential for 
fishing naivete within the reserves to inflate catches relative to areas 
open to fishing (Alós et al., 2015). However, we would expect naivete to 
fishing to be consistent across all marine reserves and would not fully 
explain why we observed higher catches inside the MPA to continually 
increase through time. While temperature, productivity, and fish 
behavior may have had small effects on BPUE response ratios, our data 
strongly suggest that fishing pressure and reserve age are the dominant 
factors driving the intensity of the ecological responses of MPAs. 

5. Conclusion 

Overall, our study suggests that understanding fishing pressure is 
critical for planning and managing MPAs, and for setting realistic ex
pectations from those MPAs. Specifically, the placement of reserves in 
areas with low fishing pressure may protect fish assemblages, but those 
areas will experience slower community-level responses to fishing 
closure. MPAs placed in areas of high fishing pressure are more likely to 
show faster recovery (Edgar et al., 2014; Pressey, 1994). In addition, 
predicted future fishing pressure outside an MPA can also help set ex
pectations in MPA planning and development. Metrics such as distance 
from port, or the amount of high-quality fish habitat surrounding an 
MPA may provide a more comprehensive prediction of the outcomes of 
these conservation tools. Lastly, our study further supports the concept 
that MPAs are long-term conservation tools with full effects that may not 

be realized until 10 years or more post implementation, particularly in 
temperate systems (Addison et al., 2015; Heupel and Simpfendorfer, 
2005; Ojeda-Martinez et al., 2007; Smale et al., 2019). As MPAs 
continue to be used as a prominent conservation strategy in coastal 
systems, managers should consider both the suite of human-induced 
(socio-ecological interactions) and environmental conditions that may 
alter MPA success as well as establish long-term monitoring programs to 
fully assess the functionality of marine reserves into the future. 
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protected area in a coastal recreational hook and line fishery. PLOS ONE 10, 
e0135348. https://doi.org/10.1371/journal.pone.0135348. 

Babcock, R.C., Shears, N.T., Alcala, A.C., Barrett, N.S., Edgar, G.J., Lafferty, K.D., 
McClanahan, T.R., Russ, G.R., 2010. Decadal trends in marine reserves reveal 
differential rates of change in direct and indirect effects. PNAS 107, 18256–18261. 
https://doi.org/10.1073/pnas.0908012107. 
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Glossary (definitions of field specific terms) 

BPUE: biomass per unit effort measured as the total weight of fish in kilograms captured 
per number of hours fished by anglers (kg angler h− 1). 

Fishing naivete: fish located in areas closed to fishing (i.e., reserves) are unfamiliar with 
fishing gear and therefore may be more vulnerable to exploitation. 

Marine protected area (MPA): a broad term for a marine or estuarine area where removing 
natural or cultural resources is limited or prohibited. 
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