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Abstract
Ghana's marine artisanal (canoe) fishery contributes more than 75% of the country's total marine
landings and supports the livelihoods of about 10% of the national population, yet several of the small
pelagic stocks that sustain it are fished above the level associated with maximum sustainable yield.
Most research on the fishery has relied on annual or seasonal aggregates, which obscure the short-term,
daily decisions that determine how much fishers actually land. We analysed 2,203 trip-level records from
316 fishers at 16 landing beaches in Ghana’s four coastal regions, collected on 20 dates in July–August
and November 2025. Trip duration varied widely among dates, gears and regions, and fisher identity
accounted for about 71% of the variance in duration not explained by gear, location and crew size. Catch
and catch per unit effort (CPUE) were strongly right-skewed and differed among gears; beach seines had
the highest catch rate. Trip duration was only weakly correlated with catch (Spearman’s ρ = 0.14) and
was not significantly associated with it once crew size, gear and fisher identity were included in a mixed-
effects model, whereas crew size remained a consistent positive predictor. Generalised additive models
(GAMs) showed nonlinear effects of trip duration, chlorophyll-a, wave height and rainfall on catch;
refitting them as Tweedie GAMs with a fisher random effect confirmed these effects and additionally
detected a nonlinear effect of sea surface temperature. Because chlorophyll-a was unavailable for July–
August, the environmental models rest on 905 trips. Catch was more strongly associated with fishing
capacity (crew size and gear) and environmental conditions than with hours at sea. Overall, the results
indicate that catch in this fishery was more strongly associated with fishing capacity (crew size and
gear) and environmental conditions than with hours spent fishing. This has implications for the design of
effort-based management measures, such as Ghana's closed fishing season and canoe registration
moratorium, and for the interpretation of catch-per-unit-effort as an indicator of stock status in this
fishery.

1 Introduction
Artisanal (canoe) fishing is the largest marine fishing sub-sector in Ghana. Canoe crews make short trips
close to shore using purse seines (locally Poli/Watsa), beach seines, drift gill nets and other set nets,
and they target mainly small pelagic fishes such as sardinellas, anchovy and mackerels, often called the
“people’s fish” [1–3]. The sector contributes more than 75% of marine landings and supports the
livelihoods of about 10% of the population [2, 4]. The 2016 canoe frame survey counted 11,583 canoes
operating from 292 landing beaches [5], and the number rose to 12,175 by 2022 [6].

The fishery is under heavy pressure. Catches are reported to have fallen by about 60% between 1996 and
2011, with excess fishing capacity of roughly 40% [2, 7, 8]. Sardinella landings dropped from over
120,000 t in the early 2000s to about 17,000 t in recent years [3], catch per unit effort (CPUE) of small
pelagics fell to about 25% of its 1992 level by 2019 [9], and four of the five small pelagic stocks were
assessed as fished above the level associated with maximum sustainable yield [8]. Assessments also
indicate that nominal effort understates the growth in fishing power of the canoe fleet [10]. Management
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responses include annual closed seasons, whose effects on landings have been mixed [11], and a three-
year moratorium on new canoe entrants that began on 1 October 2023 [12].

Evidence for these policies comes largely from annual or seasonal aggregates [3, 9, 13]. Several studies
document the decline, but they average over the daily decisions that determine what a canoe lands:
whether to go to sea, how long to stay out, how many crew to carry, which gear to use and how much
fuel to burn. These decisions are shaped by weather, fuel costs and fish availability [14, 15]. Short-term
fishing dynamics have been studied in other small-scale fisheries [16, 17], but to our knowledge the
relationship between daily effort and catch in Ghana’s canoe fishery has not been quantified from trip-
level data across the coast.

The gap matters for interpretation as well as management. Catch is often modelled as the product of
catchability, effort and biomass, and CPUE is used as an index of abundance on the assumption that
catchability is constant [18, 19]. In schooling small pelagic fisheries this assumption is fragile: catch per
trip depends on finding and capturing a shoal, catchability varies with gear, crew and environment, and
CPUE can stay high while abundance falls (hyperstability) [20, 21]. If hours at sea are only loosely
coupled to catch, effort measured as time will be a poor guide to fishing pressure. We therefore asked
whether trip-level catch in Ghana’s canoe fishery is more closely associated with fishing capacity (crew
size and gear) and environmental conditions than with hours spent fishing.

Using 2,203 trip-level records from 316 fishers at 16 landing beaches in all four coastal regions, we (1)
characterised short-term variation in fishing effort (trip duration); (2) quantified short-term variation in
catch and CPUE among days, gears and regions; (3) examined the relationship between effort and catch
while accounting for repeated sampling of fishers; and (4) tested the association of catch with sea
surface temperature, chlorophyll-a, wave height and rainfall, together with effort.

2 Materials and methods

2.1 Study area and sampling design
Data were collected at 16 landing beaches in Ghana’s four coastal regions: Greater Accra, Volta, Central
and Western (Fig. 1, Table 1). Four beaches per region were selected purposively because they support
intensive canoe activity, depend substantially on small pelagic fishes and are dominated by purse seines
(Poli/Watsa), drift gill nets and beach seines. The 2016 canoe frame survey recorded from 47 to more
than 400 canoes at the sampled beaches [5]. Because beaches and respondents were not chosen at
random, the sample is not statistically representative of the national canoe fleet, and the results describe
the sampled beaches and periods.

Respondents were drawn from active fisher lists validated with chief fishermen; where no list existed,
every third canoe landing during the morning landing period was selected. Eligible respondents were
fishers, canoe owners or crew members with direct knowledge of the day’s fishing operation and catch.
In total, 316 fishers were sampled repeatedly, giving 2,203 records (median 6 records per fisher, range 1–
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20); 150 fishers were sampled in both periods and 166 in one. The unit of observation is a fishing
operation reported by a respondent on a given date. In 116 records (5.3%) the same fisher had two
records on one date, almost all from beach seine (102) and other set net (14) operations that are worked
as multiple hauls or sets per day; these were retained as separate hauls.

Sampling took place on 20 dates in two windows in 2025: 25 July–1 August (8 dates) and 13–24
November (12 dates). The windows fall in different phases of the Ghana–Côte d’Ivoire upwelling cycle.
Late July marks the start of the major upwelling season (July–September), when round sardinella
(Sardinella aurita) is abundant in coastal waters, whereas mid-to-late November lies in the warm period
after the major upwelling [22–24]. Canoes were exempt from the 2025 closed season [25], so both
windows represent open-fishing conditions.

Table 1
Sampled landing beaches and fishing-trip duration (h) by region and sampling period.

Region Landing beaches Period n Mean ± 
SD

Median
(IQR)

Greater
Accra

Awudun, Ashamang, Sangornaa,
Bortianor

July 316 6.81 ± 
2.78

7 (4)

    November 348 7.60 ± 
3.84

7 (4)

Volta Dzelukope, Abutiakope, Vodza,
Adina

July 408 4.72 ± 
3.09

5 (2)

    November 404 5.60 ± 
2.09

6 (2)

Central Abaka Ekyir, Ayipey, Elmina Main,
Abandze

July 233 11.00 ± 
6.28

12 (8)

    November 235 13.30 ± 
10.50

10 (8)

Western Shama Apo, Aboadze, Nkakemu,
Fantiline/Boat-Ase

July 140 24.60 ± 
23.60

18 (7)

    November 117 30.60 ± 
30.00

18 (6)

n = number of records; IQR = interquartile range. “July” denotes the 25 July–1 August window. The table
includes 2,201 of the 2,203 records.

2.2 Fishery data
Data were collected with a structured questionnaire administered on tablets (Survey Solutions
Interviewer), pre-tested before fieldwork and administered in English or the local language. Respondents
were interviewed repeatedly so that effort and catch were recorded for individual trips rather than by
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long-term recall. Fishing effort was operationalised as nominal effort: fishing-trip duration in hours [26].
Catch was the weight of fish landed per trip (kg), as reported by respondents, and CPUE was catch
divided by trip duration (kg h⁻¹). Other variables were crew size, fishing gear (beach seine, drifting gill net,
pursing net [Poli/Watsa], other set net, and “other (specify)”), fishing location (shallow water, deep water,
both, or could not tell) and premix fuel quantity. A total of 143 records had zero duration (days on which
the respondent did not fish). These were kept in the effort models on the raw scale but were excluded
from CPUE analyses, where CPUE is undefined.

2.3 Environmental data
Four environmental variables were used: chlorophyll-a concentration (mg m⁻³), sea surface temperature
(SST; K), significant wave height (m) and rainfall (mm). They were retrieved as NetCDF files, mainly from
the Copernicus Marine Service and NOAA’s ERDDAP, subset to Ghana’s Exclusive Economic Zone and
matched by date to the sampling days. Files were inspected in QGIS and processed in ArcGIS Pro 3.4.
Chlorophyll-a was not available for download for the July–August window, which accounted for most
missing values in this variable. Only records with all four environmental variables were used in the
environmental models (n = 905; 1,298 records excluded, 57.1% of records missing chlorophyll-a).

2.4 Statistical analysis
All statistical analyses and graphical presentations were performed in R version 4.4.2 (R Core Team,
2024) using RStudio version 2026.09.0 + 174 (Posit Software, PBC). Daily patterns of effort, catch and
CPUE were summarised by mean, median, standard deviation and coefficient of variation (CV).
Differences in trip duration among dates were tested with one-way ANOVA, and the linear trend with
study day by simple regression. Because fishers were observed repeatedly, we fitted a linear mixed-
effects model of trip duration (raw hours, because zero-duration trips prevent log transformation) with
sampling date (as a continuous study day, and in a second model as a factor), crew size, gear and
fishing location as fixed effects and fisher identity as a random intercept. Fixed effects were tested with
Satterthwaite-adjusted tests, dates were compared with Tukey-adjusted estimated marginal means, and
the intraclass correlation coefficient (ICC) was computed from the variance components [27].

Catch and CPUE among gears were compared with ANOVA and the Kruskal–Wallis test, followed by
Dunn’s test with Holm adjustment. Because these tests treat repeated observations as independent, we
also fitted Tweedie generalised additive models (GAMs; log link) with a fisher random intercept. Catch
rates were modelled by adding log trip duration as an offset, so that exponentiated coefficients are
catch-rate ratios relative to beach seines [28–30].

The effort–catch relationship was examined with Spearman’s rank correlation (overall, by region and by
sampling window) and simple linear regression. A linear mixed-effects model of catch included trip
duration, crew size, gear, fishing location and premix quantity as fixed effects and fisher as a random
intercept. A GAM with a smooth term for trip duration and parametric terms for crew size, gear and
location tested for nonlinearity. This GAM was refitted as a Tweedie model with fisher and landing-beach
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random effects. As a sensitivity analysis, the linear model including landing beach was refitted after
excluding three high-catch beaches (Shama Apo, Adina and Bortianor).

The association of catch with environmental conditions was tested with a Gaussian GAM (REML) with
smooth terms for trip duration, chlorophyll-a, wave height, SST and rainfall and parametric terms for crew
size and gear (n = 905). Because catch is skewed and fishers were sampled repeatedly, the model was
refitted as a Tweedie GAM with the same smooths plus a fisher random intercept. Concurvity among
smooth terms was assessed with the concurvity function of the mgcv package. Significance was
assessed at α = 0.05, and both models are reported so that any change in conclusion is explicit.

Data collection formed part of a Fisheries Commission of Ghana research project. All respondents gave
prior informed consent, were told the purpose of the study and how the data would be used, and could
withdraw at any time.

3 Results

3.1 Variation in fishing effort
Mean trip duration ranged from 5.81 ± 5.85 h on 27 July to 34.70 ± 30.30 h on 23 November (Fig. 2A,
Table 2). Medians were 5–9 h on 17 of the 20 dates and reached 18 h or more only on the last three
dates (22–24 November; n = 20, 21 and 8). Variability within dates was high (CV 7.9–160%), and the
lowest CV came from a date with only eight records. Duration differed among dates (ANOVA, F(19,
2171) = 12.13, p < 0.001). A linear trend with study day was significant but negligible (β = 0.0133 ± 0.0048
h per day, p = 0.005; R² = 0.0036).
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Table 2
Daily variation in trip duration, catch and catch per unit effort (CPUE) on the 20 sampling

dates in 2025. Values are mean (median).
Date n Effort (h) CV (%) Catch (kg) CV (%) CPUE (kg h⁻¹) CV (%)

25 Jul 89 16.9 (9.0) 136 248 (160) 113 27.6 (12.5) 166

26 Jul 189 8.34 (7.0) 74.1 356 (45) 267 45.4 (7.75) 229

27 Jul 161 5.81 (5.0) 101 150 (15) 221 27.8 (12.0) 143

28 Jul 165 9.40 (7.0) 110 286 (120) 149 43.4 (15.0) 165

29 Jul 63 6.56 (6.0) 33.7 384 (118) 131 62.1 (24.7) 143

30 Jul 136 10.2 (7.0) 116 385 (200) 129 73.9 (20.4) 175

31 Jul 148 8.59 (7.0) 74.0 126 (53) 130 18.4 (8.47) 147

1 Aug 146 9.91 (7.0) 138 341 (100) 285 52.3 (12.0) 269

13 Nov 90 10.1 (7.0) 120 325 (50) 157 70.6 (14.6) 165

14 Nov 179 8.50 (7.0) 76.1 474 (255) 171 72.8 (34.5) 158

15 Nov 161 7.49 (7.0) 44.2 253 (80) 173 38.8 (13.3) 189

16 Nov 101 8.78 (7.0) 84.1 258 (80) 164 35.2 (12.1) 180

17 Nov 179 12.1 (7.0) 157 417 (160) 148 64.9 (15.6) 163

18 Nov 65 8.28 (6.0) 160 812 (355) 124 144 (60.0) 124

19 Nov 159 11.1 (8.0) 112 377 (200) 160 54.5 (20.0) 162

20 Nov 84 8.22 (6.5) 68.3 256 (110) 137 37.9 (12.4) 137

21 Nov 37 14.4 (8.0) 140 161 (27) 184 11.4 (4.5) 161

22 Nov 20 28.2 (18.0) 94.5 224 (124) 125 7.71 (6.53) 112

23 Nov 21 34.7 (18.0) 87.3 683 (124) 302 11.6 (6.53) 196

24 Nov 8 18.0 (18.5) 7.86 124 (48.5) 129 6.78 (2.89) 126

n = records per date for effort and catch. CPUE is undefined for zero-duration trips, so CPUE n is smaller
(2,050 records in total; 8–177 per date). CV = coefficient of variation.

In a mixed-effects model with a fisher random intercept, the study-day effect remained very small (β = 
0.0063 h, p < 0.001) and crew size was unrelated to duration (p = 0.299; Table 3). Gear and fishing
location were related to duration. Relative to beach seines, drifting gill net trips were 1.8 h longer, other
set net trips 4.1 h shorter and “other (specify)” trips about 71 h longer. Trips confined to shallow water
were 1.5 h shorter than trips covering both shallow and deep water, and trips whose location could not
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be identified were 6.7 h shorter. After adjustment, duration differed from the reference date (25 July) on
12 of 19 dates, all positively. Fisher identity was the largest source of variation: the fisher random
intercept had a variance of 33.10 against a residual variance of 13.32, an ICC of about 0.71.

Table 3
Linear mixed-effects model of fishing-trip duration (h).

Predictor Estimate SE t p

Study day 0.0063 0.0018 3.53 < 0.001

Crew size 0.0215 0.0208 1.04 0.299

Drifting gill net (vs beach seine) 1.759 0.632 2.78 0.006

Other (specify) (vs beach seine) 71.230 2.13 33.43 < 0.001

Other set nets (vs beach seine) −4.085 1.49 −2.74 0.006

Pursing nets (vs beach seine) 0.354 0.732 0.48 0.630

Location: cannot tell (vs both) −6.697 0.494 −13.55 < 0.001

Location: deep water (vs both) 0.455 0.381 1.19 0.231

Location: shallow water (vs both) −1.460 0.371 −3.94 < 0.001

Fisher identity was a random intercept (variance 33.10; residual variance 13.32; ICC ≈ 0.71).

Trip duration differed strongly among regions (Table 1, Fig. 3). The Western Region had the longest and
most variable trips (means 24.6 h in July and 30.6 h in November, but median 18 h with an interquartile
range of 6–7 h), and the Volta Region the shortest and most uniform (4.7 and 5.6 h; interquartile range 2
h). Mean duration was higher in November than in July in all four regions.

3.2 Variation in catch and CPUE
Catch per trip ranged from 0 to 9,602 kg (mean 327.36 ± 651.39 kg; median 96 kg; quartiles 10 and 400
kg), with strong right skew (skewness 5.88, kurtosis 54.06). CPUE ranged from 0 to 1,057 kg h⁻¹ (mean
50.34; median 12.86; quartiles 2.50 and 51.61) and was far from normal (Shapiro–Wilk W = 0.542, p < 
0.001). Daily mean catch ranged from 124 kg (24 November) to 812 kg (18 November), and daily CV of
catch from 113% to 302% (Table 2). Mean CPUE was highest on 18 November (144 kg h⁻¹; median 60)
and fell to 6.8–11.6 kg h⁻¹ on 21–24 November. By region, mean catch was highest in the Volta Region
(389.1 kg) and Greater Accra (348.5 kg) and lower in the Western (239.3 kg) and Central Regions (238.5
kg); these regional means were compared descriptively and not tested.

Catch differed among gears (Kruskal–Wallis χ² = 277.15, df = 4, p < 0.001; Fig. 4, Table 4), as did CPUE
(χ² = 198.85, df = 4, p < 0.001). Dunn’s tests separated beach seines from drifting gill nets and other set
nets for both catch and CPUE (Holm-adjusted p < 0.001). The Tweedie model with a fisher random effect
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confirmed the ordering (n = 2,150; 44.9% deviance explained): relative to beach seines, catch was lower
for drifting gill nets (β = −1.89), other set nets (β = −1.83) and pursing nets (β = −1.03) and higher for
“other (specify)” gear (β = 0.98; all p < 0.001), and the fisher random effect was highly significant (p < 
0.001). The catch-rate model (n = 2,002; 55.4% deviance explained) gave rate ratios below 1 for every
gear relative to beach seines (Table 4). “Other (specify)” gear therefore combined a high catch per trip
with a comparatively low catch rate.

Table 4
Catch and CPUE by fishing gear, with Tweedie catch-rate ratios relative to beach seines.

Gear n Catch (kg),
mean ± SD

Median n CPUE (kg
h⁻¹), mean ± 
SD

Median Rate
ratio

Beach seine 1,616 390 ± 687 160 1,530 61.4 ± 106.0 20.4 1 (ref.)

Drifting gill net 281 36.1 ± 55.3 20 261 4.81 ± 6.58 3.00 0.17

Other set net 127 50.0 ± 72.6 21 93 13.6 ± 14.3 9.00 0.40

Pursing net
(Poli/Watsa)

80 211 ± 405 30 72 46.7 ± 94.7 6.61 0.40

Other (specify) 46 834 ± 1,364 611 46 9.97 ± 14.9 7.44 0.27

Rate ratios from the Tweedie GAM with log trip duration as offset and a fisher random intercept (all p ≤ 
0.005).

3.3 Relationship between effort and catch
Trip duration and catch were weakly correlated (Spearman’s ρ = 0.139, p < 0.001), and simple regression
gave a slope of 4.82 kg per extra hour (SE 1.12, p < 0.001) with R² = 0.008. The correlation varied among
regions: ρ = 0.118 in the Central Region (n = 467), 0.210 in Greater Accra (n = 664), 0.245 in the Volta
Region (n = 805) and 0.622 in the Western Region (n = 257; all p ≤ 0.010). It also differed between
windows (Fig. 5): ρ = 0.265 in July–August (n = 1,096; p < 0.001) and − 0.008 in November (n = 1,095; p = 
0.784).

In the mixed-effects model, trip duration was not associated with catch (β = −0.283 kg h⁻¹, SE 2.561, p = 
0.912), whereas crew size was strongly and positively associated (β = 19.83 kg per crew member, SE
2.36, p < 0.001; Table 5). Compared with beach seines, catches were lower for drifting gill nets (β =
−140.6, p = 0.014), other set nets (β = −440.8, p < 0.001) and pursing nets (β = −169.7, p = 0.040) and
higher for “other (specify)” gear (β = 552.0, p = 0.009). Shallow-water trips landed more than trips
covering both depths (β = 101.1, p = 0.040), while premix quantity was unrelated to catch (p = 0.152). The
GAM showed that the relationship with duration was nonlinear (edf = 6.97, F = 4.42, p < 0.001) and
explained 15.2% of the deviance; crew size remained positive (β = 24.45, SE 1.94, p < 0.001).
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Landing beach affected the result. In a linear model that included landing beach, the duration coefficient
was 6.82 kg h⁻¹ (p = 0.022) and the crew-size coefficient 13.00 (p < 0.001). After excluding the three high-
catch beaches, the duration coefficient fell to 1.92 kg h⁻¹ (p = 0.343), while crew size remained positive
(5.85, p = 0.004). In the Tweedie GAM with fisher and landing-beach random effects (n = 2,124; 50.6%
deviance explained), the beach effect was highly significant (p < 0.001), the nonlinear duration effect
remained significant (edf = 6.67, p < 0.001) and crew size remained positive (p < 0.001), whereas the
“other (specify)” gear effect was no longer significant (p = 0.100).

Table 5
Association of trip duration and crew size with catch across model specifications.

Model Trip duration Crew size (kg per
person)

Simple linear regression 4.82 kg h⁻¹ (p < 0.001) —

Linear mixed model (fisher random intercept) −0.28 kg h⁻¹ (p = 0.912) 19.83 (p < 0.001)

GAM, Gaussian smooth: edf 6.97 (p < 
0.001)

24.45 (p < 0.001)

Linear model including landing beach 6.82 kg h⁻¹ (p = 0.022) 13.00 (p < 0.001)

same, excluding three high-catch beaches 1.92 kg h⁻¹ (p = 0.343) 5.85 (p = 0.004)

Tweedie GAM, fisher + landing-beach random
effects

smooth: edf 6.67 (p < 
0.001)

positive (p < 0.001)

Environmental GAM, Gaussian smooth: edf 7.54 (p < 
0.001)

30.36 (p < 0.001)

Environmental GAM, Tweedie + fisher random
effect

smooth: edf 6.20 (p = 
0.007)

n.r.

n.r. = not reported. “Smooth” indicates a nonlinear effect of trip duration.

3.4 Environmental conditions and catch
The Gaussian GAM (n = 905; 28.8% deviance explained; adjusted R² = 0.269) detected significant
nonlinear effects of trip duration, chlorophyll-a, wave height and rainfall on catch, but not of SST (Table 6,
Fig. 6). Chlorophyll-a had a slightly positive partial effect at low concentrations that became
progressively negative at higher ones. Wave height had a negative effect at low values, a maximum at
about 0.9–1.0 m and a decline at higher values. The rainfall effect rose at low rainfall, was negative at
about 12–20 mm and rose again at high values with wide confidence intervals. The duration effect rose
sharply at about 80–110 h and declined at longer durations, but only a few trips were that long and
uncertainty was large. Crew size was positively associated with catch (β = 30.36, SE 3.40, p < 0.001), and
other set nets caught less than beach seines (β = −312.64, p = 0.003).
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The Tweedie GAM with a fisher random effect (power parameter 1.57; 58.8% deviance explained;
adjusted R² = 0.48) confirmed the significant effects of duration, chlorophyll-a, wave height and rainfall
(Table 6, Fig. 7). In contrast to the Gaussian model, it also detected a significant nonlinear effect of SST
(edf = 4.49, p < 0.001), and the fisher random effect was highly significant (p < 0.001). Concurvity was
high between trip duration and the fisher random effect (worst case ≈ 0.99) and moderate to high
between chlorophyll-a and SST (≈ 0.83) and between wave height and rainfall (≈ 0.78). The smooth terms
should therefore not be read as fully independent effects.

Table 6
Smooth terms in the Gaussian and Tweedie generalised additive models of catch (n = 905).

Smooth term Gaussian edf F p Tweedie edf p

Trip duration 7.54 3.853 < 0.001 6.20 0.007

Chlorophyll-a 1.77 4.289 0.011 1.79 0.017

Wave height 2.89 3.656 0.009 6.63 < 0.001

Rainfall 5.17 2.816 0.013 6.55 < 0.001

Sea surface temperature 1.00 0.002 0.976 4.49 < 0.001

edf = effective degrees of freedom. Deviance explained: 28.8% (Gaussian) and 58.8% (Tweedie with
fisher random effect); the two are not directly comparable because the error distributions differ.

4 Discussion
Catch in this fishery was more strongly associated with who was fishing, with what gear, at which beach
and under what sea conditions than with hours at sea. Trip duration, once crew size, gear and fisher
identity were accounted for, added little to explaining catch, while crew size was a consistent positive
correlate. We discuss what this implies for how effort and CPUE are measured, and for management.

4.1 Variations in Fishing Effort
Most trips were short single outings, with a tail of overnight and multi-day operations concentrated in the
Western Region and in the “other (specify)” gear category. Gear and location shaped duration in plausible
ways: passive drift nets are set, drifted and hauled over many hours, and deeper grounds imply longer
transit and search. The largest source of variation, however, was the fisher. About 71% of the variance
left after accounting for gear, location and crew size lay among fishers, in line with the “skipper effect”
documented in other fleets [31–33]. In a canoe fishery this term is best read as the combined signature
of skipper, canoe, crew and habitual grounds, which our data cannot separate.

Much of the daily variation in raw means probably reflects which fishers, gears and beaches were
sampled on each date. The raw mean of 34.7 h on 23 November corresponded to an adjusted difference
of only 6.4 h relative to 25 July once crew size, gear and fisher identity were accounted for. The last four
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November dates (n = 86 records in total) had median trips of 18–18.5 h, matching the Western Region
median in both windows, which suggests that landings on those dates were dominated by that region.
Weighted by sample size, mean duration on 13–20 November (9.5 h) was almost identical to that in
July–August (9.2 h), but on 21–24 November it was 22.9 h and mean CPUE fell from 60.6 to 10.2 kg h⁻¹
(means weighted by the number of records per date, from the daily summaries in Table 2). Because
region and date are partly confounded, we treat the temporal signal as weak.

The two dates with the smallest samples in their windows, 29 July (n = 63) and 18 November (n = 65),
were both Tuesdays, a traditional non-fishing day in many Ghanaian fishing communities, although some
fishers do fish on Tuesdays [34–36]. Both dates were atypical. On 29 July the CV of trip duration was the
lowest of the July–August window (33.7%) and median CPUE the highest (24.7 kg h⁻¹); on 18 November
mean and median catch (812 and 355 kg) and CPUE (144 and 60 kg h⁻¹) were the highest of the study.
We did not record whether each fisher observed the holiday, so we cannot say whether this reflects
holiday fishing by a subset of fishers, fish accumulating on non-fishing days, or chance. It is a hypothesis
for targeted sampling.

4.2 Catch is heavy-tailed and structured by gear and place
Catch and CPUE were more skewed than trip duration. This is the pattern expected when catch is
generated by encountering discrete shoals: many trips land little and a few land very large quantities, and
aggregation of fish in space and time can decouple catch rates from abundance [37, 38]. Single trips can
dominate daily means: on 23 November the mean catch was 683 kg but the standard deviation was
2,062 kg for 21 trips. The largest catch (9,602 kg, from a 91-h trip with a crew of six using “other
(specify)” gear and reportedly targeting blue marlin and sailfish) was confirmed against the field records
and retained; the next largest catches, up to about 8,500 kg, were beach seine hauls by crews of 20–30
people. Medians, rank-based tests and error distributions suited to skewed, zero-heavy data are therefore
preferable to arithmetic means [30, 39, 40]. The Kruskal–Wallis and Tweedie analyses agreed on the gear
ordering, which adds confidence to that result.

Beach seines had the highest catch rate, and every other gear had a rate ratio of 0.17–0.40 relative to
them. Gears differ in mode of operation, selectivity, fishing depth and target species [41], so two fishers
spending the same hours at sea can land very different catches. The Ghanaian sardinella fleet includes
vessels of 5–23 m with nets from 54 m to almost 1,000 m and crews of 2–30 people [42], so large
differences in fishing power are expected. The high productivity of beach seines is closely tied to the
capture of small fish: their bycatch is dominated by juveniles of commercially important species [43],
and sardinella landings are dominated by immature fish [42]. The “other (specify)” category had a high
catch per trip but a low catch rate, consistent with long, low-intensity, multi-day operations, and part of
its apparent gear effect disappeared when landing beach was a random effect. Differences in CPUE
among gears combine efficiency, target species, hold capacity and how effort is defined. For passive
gears, net length and soak time describe effective effort better than time at sea [44]. These comparisons
describe gear performance, not relative abundance [18].
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Regional mean catch (Volta 389 kg, Greater Accra 349 kg, Western and Central 239 kg) followed almost
the reverse order of trip duration (shortest in the Volta Region, longest in the Western Region). This
contrast is consistent with length of trip and size of catch reflecting different processes. Regional
differences in gear mix, canoe and crew size, target species and local shoal availability probably all
contribute, but we did not test regional differences in catch formally.

4.3 Effort and catch relationship
The relationship between trip duration and catch was weak (ρ = 0.14; R² < 1%) and disappeared once
crew size, gear, location and fisher identity were included (β = −0.28 kg h⁻¹, p = 0.91). This follows from
what trip duration measures. The standard catch equation relates catch to effective effort, catchability
and abundance [18]. Trip duration is nominal effort: it combines transit, search, setting, hauling and idle
time and is only loosely tied to effective effort. In fisheries that harvest schools, catch per set depends
largely on school size and net capacity, and the appropriate effort unit depends on gear [45]. Catch per
trip is also bounded by hold capacity, the number of hands available to haul and handle fish, and what
can be sold, so extra hours probably bring diminishing returns once a shoal has been found. The GAM
supports a nonlinear relationship, but the hump at about 80–110 h rests on few trips, probably from the
Western Region and the “other (specify)” category. We read it only as an indication that multi-day
operations can land large catches [28].

The strength of the relationship varied with context. It was weak in three regions (ρ = 0.12–0.25), where
trips are uniformly short (interquartile range 2–8 h) and there is little variation in duration to relate to
catch, and strong in the Western Region (ρ = 0.62), where trips range from overnight to multi-day. It was
positive in July–August (ρ = 0.27) and absent in November (ρ = −0.01). Early in the major upwelling
season, sardinella and other small pelagics are abundant near the coast [22, 46], so more time on the
water may translate into more successful sets, whereas success in November may depend more on
locating a shoal than on time spent searching. The long, low-catch trips on the last sampling dates also
contribute to the November result. The landing-beach sensitivity analysis shows that the modest
duration effect is sensitive to spatial structure: the coefficient fell from 6.8 to 1.9 kg h⁻¹ when three high-
catch beaches were excluded, although the nonlinear duration effect persisted in the Tweedie model
with beach and fisher random effects. Catch-rate data from this fishery are clearly spatially structured
[47].

Crew size was the most consistent positive correlate of catch, adding about 20 kg per person in the
mixed model, 24 kg in the effort GAM and 30 kg in the environmental GAM. Crew size is a proxy for
canoe size, net length and the capacity to haul large nets, which together determine fishing power, the
catch a unit takes per unit of nominal effort [31]. The results suggest that the size and organisation of
the fishing unit were more strongly associated with catch than the hours it spent at sea, and stock
assessments likewise indicate that nominal effort does not capture the growth in fishing power of the
canoe fleet [10]. Premix quantity was not related to catch. Subsidised premix is subject to diversion,
hoarding and irregular supply [48, 49], and fuel use depends on distance and engine power as much as
on catch, so the quantity recorded per trip is a weak proxy for effective effort.
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The weak coupling between effort and catch, together with heavy-tailed catches dominated by
occasional large hauls, bears on the use of CPUE as an indicator of stock status. When fishers target
aggregations, CPUE can stay high while abundance declines, a phenomenon that has masked collapses
in other fisheries [20, 37, 38]. This is plausible for schooling small pelagics, and the assessment of
Ghana’s small pelagic stocks notes that CPUE trends can be over-optimistic when increases in fishing
power are not accounted for [10]. Our results are consistent with this concern: marginal hours yielded
little additional catch, whereas catch scaled with the size and number of fishing units. We did not
measure abundance, so we cannot show that hyperstability occurs.

4.4 Environmental conditions and catch
Because chlorophyll-a was unavailable for the whole July–August window, the 905 complete-case trips
used in the environmental models necessarily come from the November window, after the major
upwelling. The SST smooth spans only about 1.25 K (301.0–302.25 K, or roughly 27.9–29.1°C). The
environmental results therefore describe variation within one warm-season window and cannot be
extended to the upwelling season. Because the variables were matched to trips by date rather than
measured at the fishing ground, and because the smooth terms show moderate to high concurvity with
one another and with the fisher random effect, the curves are best read as candidate environmental
windows for further testing, not as precisely estimated independent effects. The interpretation below
relies on the Tweedie model, which is more appropriate for skewed, repeated data; where it changes a
conclusion from the Gaussian model, we say so. The deviance explained by the two models (28.8% and
58.8%) is not directly comparable because the error distributions differ.

The partial effect of chlorophyll-a was slightly positive at low concentrations and became progressively
negative at higher ones. Two considerations make a negative association credible. First, in coastal
waters influenced by river discharge and resuspended sediment, satellite chlorophyll-a includes non-
algal constituents [50], so high nearshore values may mark turbid, freshwater-influenced water rather
than productive water holding fish; chlorophyll-a variability in the Gulf of Guinea is also closely related to
physical variables [51]. Second, fish respond to phytoplankton production with a delay because energy
passes through zooplankton [52], and fish can graze down the plankton on which they aggregate. On the
Ivorian shelf, interannual catches of S. aurita were inversely related to same-year chlorophyll-a, which
was interpreted as grazing by sardinella larvae [24], and zooplankton in the Gulf of Guinea upwelling
region may be under top-down control by sardinella [53]. Those studies used annual data, whereas ours
are trip-level, so the comparison supports the direction of the relationship rather than its magnitude.

Catch was lowest at low wave heights, peaked at about 0.9–1.0 m and declined at higher wave heights.
A unimodal response is what the optimal environmental window concept predicts for upwelling systems:
moderate mixing enriches the surface layer and retains production, whereas too little limits nutrient
supply and too much disperses shoals [54]. Operational factors probably reinforce this. Rough seas
restrict launching from surf beaches, gear deployment and safety, and fishers in West Africa use weather
information to decide when to go to sea [55], so trips made in rough conditions are likely to be those of
the best-equipped units.

Page 14/25



The rainfall effect was nonlinear, with the range between 0 and about 20 mm best supported. Rainfall
can act through runoff, which lowers salinity and adds nutrients and turbidity and can shift species
composition (flat sardinella, S. maderensis, tolerates variation in salinity and temperature better than S.
aurita [22]); through squalls and strong winds that make fishers delay trips; and through coupling with
upwelling, since cold coastal sea surface temperatures in July–September are associated with reduced
coastal rainfall [56]. Rainfall and drought have long been linked to the performance of the Ivorian–
Ghanaian sardinella fishery [57], and in tropical artisanal fisheries rainfall effects on production often
appear with a lag [58]. The same-day effect we found more likely reflects behaviour, turbidity and salinity,
and lagged effects on recruitment are a complementary line of enquiry.

SST had no detectable effect in the Gaussian model (edf = 1.00, p = 0.976) but a significant nonlinear
effect in the Tweedie model with a fisher random effect (edf = 4.49, p < 0.001). This is a genuine change
in conclusion. It is consistent with SST being the surface expression of upwelling, whose timing and
intensity have been linked to sardinella catch in the Gulf of Guinea [23, 24, 53]. It should be interpreted
cautiously, however. SST showed moderate concurvity with chlorophyll-a, and SST integrates processes
operating over weeks to years, so an effect detected from trip-level data matched to daily SST is better
treated as a correlate of the broader upwelling state on each date than as a physiological response of
fish to temperature at the scale of one trip.

4.5 Implications for management and monitoring
Fishing capacity (crew size and gear) was more strongly associated with catch than trip duration in the
sampled data. This suggests that measures aimed at the number and size of fishing units deserve
consideration alongside measures that regulate time spent fishing. The moratorium on new canoe
entrants was scheduled to run from 1 October 2023 to 30 September 2026 [12, 59]; our findings provide
empirical support for considering capacity, alongside duration, in designing and evaluating such
measures, and for exploring complementary controls on net dimensions and engine power monitored
through the canoe register. As an observational study, however, this work describes associations. It does
not test how a change in registration policy, net dimensions or engine power would affect fishing
mortality, and any such measure would need to be evaluated on its own terms.

Monitoring should record effort measures that better reflect effective effort than trip duration, such as
the number of sets, net length and soak time [44], and CPUE should be interpreted cautiously as an
indicator of stock abundance and should be appropriately standardised for gear, fishing capacity, landing
site, fisher-level heterogeneity and other relevant sources of variation before being used for stock-status
inference. Canoes were exempt from the 2025 and 2026 closed seasons, although communities’ fishing
holidays continue to apply [25, 60]. Our data were therefore collected without a canoe closure and can
serve as a baseline against which future closures and holidays are evaluated, particularly if later
monitoring follows the same protocol at the same beaches. Beach seines had the highest catch and
CPUE and also take large numbers of juveniles [43], so mesh regulation, limits on hauling effort and
seasonal or spatial protection of nursery areas merit consideration. Finally, chlorophyll-a, wave height
and rainfall carried information about catch and are freely available from remote sensing at suitable
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frequency; they could contribute to a fisheries information system of the type proposed for Ivorian
waters [24] and to weather services that fishers already use to manage risk [55].

5 Conclusions
Fishing effort, catch and CPUE in Ghana's marine artisanal fishery varied strongly over short time scales,
and most of this variation was associated with who was fishing, with which gear and at which site, more
than with the calendar day. Trip duration was a weak predictor of catch, whereas crew size and gear, the
main components of fishing power, were consistently related to catch. The effort–catch relationship was
strongest in the Western Region and in July and depended on landing site. Catch was also associated,
nonlinearly, with chlorophyll-a, wave height and rainfall, in a pattern consistent with an environmental
window for fishing on this upwelling coast. These findings suggest that fishing capacity and gear
characteristics should be considered alongside trip duration when assessing and managing fishing
effort.
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Figure 1

Sampled landing beaches along the coast of Ghana (Greater Accra, Volta, Central and Western regions).

Figure 2

Daily variation in mean (A) fishing-trip duration, (B) catch and (C) catch per unit effort (CPUE) across the
20 sampling dates in July–August and November 2025.
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Figure 3

Fishing-trip duration (h; log scale) by region and sampling window. Boxes show the median and
interquartile range.

Figure 4

Distribution of catch per trip by fishing gear. Boxes show the median and interquartile range.
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Figure 5

Relationship between fishing-trip duration and catch in the July–August and November windows, with
Spearman’s ρ.

Figure 6

Partial effects of trip duration and environmental variables on catch (kg) from the Gaussian GAM (n =
905). Shaded bands are 95% confidence intervals; dashed lines mark zero effect.
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Figure 7

Partial effects on log(catch) from the Tweedie GAM with a fisher random effect (n = 905). On the log
scale, a partial effect of +0.5 corresponds to a multiplicative effect of about 1.65 on catch.
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