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1.  INTRODUCTION 

Thermally stressed fisheries on the northeastern US 
continental shelf are faced with potential effects of 
offshore wind (OSW) farm construction and opera-
tion before any eventual benefits from a transition to 
renewable energy sources can be realized. One such 
fishery in southern New England (SNE) targets the 
American lobster Homarus americanus, an ecologically 
important benthic consumer. Historically, American 
lobsters were an important food source for native 

Americans and were abundant enough to be used as 
fertilizer and bait (ASMFC 2020). Currently, Ameri-
can lobsters support one of the most productive fish-
eries on the northeastern coast of the USA (Wahle 
et al. 2015, Carloni & Watson 2018, NOAA 2020, Zou 
et al. 2021), with 2019 coastwide landings worth 
$636 million USD in ex-vessel value (ACCSP Data 
Warehouse 2002–). Although lobster abundances are 
increasing throughout the northern extent of its 
range, the SNE stock is declining, which has been 
attributed to lower recruitment and higher natural 
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mortality over the last several decades (ASMFC 2010, 
2020, Castro & Somers 2012, Howell 2012, Wahle et 
al. 2015, Mazur et al. 2020). Potential impacts of OSW 
farm construction and operation within the SNE stock 
are therefore of particular concern. 

Before installation of the first OSW turbines in 
North America, resources for predicting potential 
impacts on lobsters were limited to studies conducted 
in Europe, where OSW has been in commercial use 
since 2002 (Bailey et al. 2014). Lobsters are attracted 
to hard substrata, and in Europe, H. gammarus occur 
in relatively high abundances in the structurally com-
plex habitat created at wind turbine foundations 
(Hooper & Austen 2014, Griffin et al. 2016) and near 
the concrete mattresses used to stabilize sub-marine 
power cables (Taormina et al. 2020). Concrete mat-
tresses are an engineered protection system for sea -
bed cable installation. The mattresses are made with 
articulated concrete slabs connected by cables to 
allow the mattress to drape over an exposed or insuf-
ficiently buried electrical cable or to separate cables 
at a crossing point. Fishing regulations vary across 
European wind farms, ranging from complete exclu-
sion within a wind farm of all vessels not involved in 
wind farm maintenance (Rasenberg et al. 2015, van 
Hal et al. 2017) to temporary prohibitions during con-
struction (Gray et al. 2016, Roach et al. 2018) to vari-
able access based on gear type (Rasenberg et al. 
2015). In areas where fishing activity was stopped 
during construction of a wind farm, European lobster 
abundances increased (Roach et al. 2018, 2022), bene-
fiting from the creation of de facto marine protected 
areas (Coates et al. 2016, Dannheim et al. 2020). In the 
USA, commercial fishing is not excluded from wind 
farm areas; therefore, potential wind farm impacts on 
American lobster catch rates cannot be directly in -
ferred from the results of European studies. Addi tion -
ally, American lobsters are more migratory and occur 
at higher densities than European lobsters, which 
exhibit limited home ranges (Moland et al. 2011, Phil-
lips 2013); thus patterns of prey and shelter utilization 
around wind farms are not comparable (Rozemeijer 
& van de Wolfshaar 2019). 

The Block Island Wind Farm (BIWF) ventless trap 
survey, a monitoring activity required by Rhode Island 
State agencies, was conducted near the wind farm 
and  at a more distant (reference) location that was 
selected based on guidance provided during multi-
ple meetings with the fishing industry (Rhode Island 
Coastal Resources Management Council Fishery 
Advisory Board and open meetings conducted over a 
3 yr period). The reference location was requested to 
serve as a general index of lobster abundance in an 

area specifically targeted by lobster fishermen well 
outside the direct influence of the wind farm project. 
Thus, the ventless trap survey documented lobster 
catches on local fishing grounds with relatively high 
value to the fishery to provide evidence of potential 
construction and operation impacts on the fishery. 
Another study objective was to assess whether lobster 
metrics (i.e. catch rates, ovigery rates, shell disease 
prevalence, and cull status) changed in a way consis-
tent with a wind farm impact based on spatial (wind 
farm vs. reference areas) and temporal (baseline, con-
struction, and operation time periods) variation in 
these metrics. A consequence of using the fishing 
ground as a reference location was that lobster met-
rics were contrasted between favored (fishing) and 
sub-optimal (near wind farm) habitats, which compli-
cated the interpretation of potential BIWF effects on 
catch rates. The temporal scale of impacts may mani-
fest as either short-term pulse impacts or longer-term 
sustained impacts. Short-term impacts were consid-
ered for the partial years when construction phases 
were on-going, while longer-term impacts were lim-
ited to the 3 years of this monitoring program during 
which the wind farm was in operation. 

2.  MATERIALS AND METHODS 

Ventless trap surveys are commonly used across 
coastal New England states to assess American lob-
ster populations (e.g. Chen et al. 2006, Courchene & 
Stokesbury 2011, Collie & King 2016, Goldstein et al. 
2017, McManus et al. 2021). To better understand 
potential OSW effects on American lobsters, a 7 yr 
ventless trap study was conducted at BIWF, the first 
OSW constructed in North America. In addition to 
lobster catch rates, other biological metrics including 
ovigery status, shell disease prevalence, and cull 
(claw loss) status were examined to  explore poten-
tial physiological effects of construction and opera-
tion that may not be reflected in changes to catch 
rates. Analyzing ovigery rates and the rates of 
females that recently released (spent) eggs provides 
valuable information on locations that may have 
favorable conditions for egg development and hatch-
ing (Goldstein & Watson 2015, Carloni & Watson 
2018), as well as whether wind farm construction 
and/or operation may have affected reproductive 
activity. Because shell disease is associated with 
physical stressors (Shields 2013, Barris et al. 2018, 
Groner et al. 2018), examining shell disease prev-
alence rates at locations near and distant from the 
wind farm, before and after wind farm operation, 
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could indicate potential wind farm impacts affecting 
lobster physiology. Claw loss rates provide an ad -
ditional metric to assess potential stress on lobsters. 
Claw autotomy, a reflexive mechanism of claw loss, 
can occur in response to interactions with predators, 
other lobsters, handling in the fishery, or severe 
environmental conditions, such as extreme cold 
(Sca kratt 1973, Juanes & Smith 1995). 

2.1.  Field methods 

The BIWF consists of 5 wind turbine generators 
(6  MW each) with steel jacket foundations located 
approximately 5 km southeast of Block Island, Rhode 
Island (Fig. 1), over predominantly sandy–gravel sed-
iments adjacent to a cobble/boulder field (Guarinello 
& Carey 2022). This area historically was fished using 
gillnets, trawls, lobster pots, and hook-and-line. The 
overall turbine height is 150 m, and the footprint of 
each foundation is approximately 576 m2. This pilot-
scale project was sited in coordination with commer-
cial and recreational fisheries representatives, as well 

as state and federal resource agency personnel, in 
order to minimize impacts to biological resources and 
fisheries in the area (Smythe et al. 2016). 

The ventless trap survey was conducted twice per 
month from May through October from 2013 to 2019 
at 2 blocks (sites) near the BIWF project location 
(Near Field North [NN] and Near Field South [NS]) 
and at 2 reference blocks (Far Field North [FN] and 
Far Field South [FS]) located 22 km to the northeast 
(Fig. 1). Near Field sediment characteristics were pri-
marily coarse sand, with some pebble, cobble, and 
boulder, while Far Field sediments were comprised 
primarily of sand. Bottom depths were approximately 
32 and 34 m at the FN and FS blocks, respectively; and 
23 and 24 m at the NN and NS blocks, respectively. 
Each survey block contained 427 m trawl lines (n = 3) 
spaced 200–300 m apart and oriented approximately 
parallel to each other. Trawl lines closest to the wind 
farm in the Near Field blocks were 1.46 km (NN) and 
4.00 km (NS) distant from the nearest turbine. Loca-
tions of survey blocks and trawl lines were deter-
mined based on experience of the commercial lob-
stermen contracted to conduct each portion of the 
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survey to avoid gear conflicts and allow harvesting 
during and after construction. Each trawl line was 
composed of 2 trawl arrays of 6 traps, 5 ventless and 
1 vented, each array connected with 122 m of ground 
line with traps spaced 30 m apart. A starting point for 
trawl line placement each year was assigned by ran-
domly selecting 1 of 4 distances from the northeast 
edge of the block (0, 122, 244, and 366 m) and then 
spacing 2 additional parallel trawl lines with random 
starts at intervals of 200–300 m (INSPIRE Environ-
mental 2021). The same trawl locations were resam-
pled for the remainder of each year. Ventless traps 
were single parlor traps, overall dimensions were 41 × 
102 × 53 cm, with 13 cm entrance hoops and con-
structed with 2.5 cm square rubber-coated 12-gauge 
wire mesh. Vented traps were the same traps and in -
cluded rectangular escape vents that measured 14.6 × 
4.9 cm, consistent with Rhode Island Department of 
Environmental Management (RIDEM) and the Mas-
sachusetts Division of Marine Fisheries (MADMF) 
surveys. Traps were constructed with doors that al -
lowed release of lobsters between surveys when the 
traps were on the bottom, but not actively sampling. 
The sampling protocol was informed by the methods 
used by the Atlantic States Marine Fisheries Commis-
sion (ASMFC) for their coast-wide ventless trap sur-
vey and other surveys (Wahle et al. 2004, O’Donnell 
et al. 2007, Geraldi et al. 2009). The proposed sam-
pling design was based on a power analysis and study 
design assessment of SNE lobster catch data (2006–
2012) from ASMFC’s coast-wide ventless trap survey 
(see Appendix A in INSPIRE Environmental 2021). 

A standard soak time of 5 nights was used, consis-
tent with local fishing practices. Traps were baited 
with locally available skate at the start of each sam-
pling event. Two consecutive 5 night soaks were con-
ducted each month. After the first soak period of each 
month, traps were retrieved, the catch was sampled, 
and traps were rebaited for another 5 night soak. 
Temperature loggers (HOBO Tidbit V2, Onset Com-
puter) recorded temperature in Celsius every 10 min 
throughout the duration of sampling each year on 
1  trawl within each block. Lobsters were surveyed 
using commercial fishing vessels with scientists on 
board to process the catch. Metrics recorded for each 
lobster included: mortality, sex, carapace length (CL) 
to nearest 0.1 mm, molt status (shell hardness), shell 
disease score (reduced to presence/absence for anal-
yses), egg status (eggs present or hatching/spent), 
and cull status (1 claw missing/bud, both claws mis-
sing). Criteria for these metrics were based on the 
ASMFC protocols used in their ventless trap survey. 
Egg status included (1) recently extruded (dark green), 

(2) eyed (dark green with eye spots), and (3) hatching/
spent (furry appearance on abdomen, few eggs pre-
sent, lighter brown/green to orange color). Select 
bycatch were enumerated and measured (INSPIRE 
Environmental 2021), but are not analyzed here. 

2.2.  Analytical approaches 

For this before–after–control–impact (BACI) study 
design, generalized linear models (GLMs) were used 
to describe each response variable, and a priori linear 
contrasts (e.g. Schad et al. 2020) were used to esti-
mate the mean temporal change in metrics at the 
Near Field versus change at the Far Field blocks (i.e. 
the spatiotemporal ‘BACI interaction’). For each re -
sponse, a single model was fit to all 7 years of data, 
and separate linear contrasts estimating the magni-
tude of the differences and their confidence intervals 
(the observed effect size) were constructed for the 
time periods relevant to each impact phase. 

Data collected before construction (the baseline 
period) were compared to either one of the 2 con-
struction phases, or the wind farm operation phase. 
‘Baseline’ is defined differently for each impact con-
trast, using only the months corresponding to each 
construction or operation period. Survey time periods 
are defined as: 

•baseline (May through October, 2013 and 2014, or 
a subset of these months for the construction contrasts); 

•construction phase I (July through October 2015), 
which included turbine installation and associated 
disturbances, e.g. pile driving; 

•construction phase II (April through September 
2016), which included cable installation and turbine 
assembly, e.g. blade installation, jet plow trenching; 

•operation (May through October, 2017, 2018, and 
2019). 

Although the BIWF ventless trap study was con-
ducted before OSW monitoring guidelines were estab-
lished, the monitoring duration is consistent with 
guidelines that have subsequently been released 
(BOEM 2019, ROSA 2021). Analyses focused on de -
tecting changes in metrics that may be indicative of 
wind farm construction or operation effects, i.e. a mean 
temporal change in a metric at the wind farm that did 
not occur at the reference stations or the reverse. All 
statistical tests were conducted in R (R Core Team 
2021), using the packages ‘ggplot2’ (Wickham 2016), 
‘MASS’ (Venables & Ripley 2002), ‘glmmTMB’ (Brooks 
et al. 2017), and ‘DHARMa’ (Hartig 2021). 

Catch statistics and other biological parameters were 
evaluated using GLMs. Each model had a unique 
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structure and error distribution appropriate for the 
response (e.g. a GLM with a zero-inflated negative 
binomial error distribution and a log-link for catch; a 
logistic regression with a binomial error distribution 
for presence/absence metrics like shell disease, ovig-
erous/spent females, and cull status; all models are 
presented in Table 1). Lobster catch per unit effort 
(CPUE) was calculated as the total number of individ-
uals per trawl array. For the catch model, the 
response was the CPUE for 6 replicate trawl arrays 
from each survey with the number of traps per trawl as 
the offset and with 2 surveys per month, May through 
October, in each block. On 7 survey events, 1 or more 
trawl arrays were excluded from the model due to loss 
from weather or potential harvesting prior to sam-
pling. In addition, where more than 2 traps within a 
trawl array were compromised either due to loss or 
damage to the trap, the entire trawl array was 
excluded. In total, 15 out of the 2016 trawl arrays were 
excluded from the catch model. 

For the reproductive models, 2 separate logistic 
regression models were used to examine the binary 
(yes/no) reproductive status of females for (1) those 
carrying eggs (early or late stage) or (2) those with 
evidence of recently spent eggs. A 2 yr reproductive 
cycle is typical for SNE female lobsters (Aiken & 
Waddy 1980, Waddy & Aiken 1992) and occurs when 

females molt and mate in one summer, store sperm in 
a seminal receptacle until spawning in the late 
summer the following year, and carry the eggs for 9 to 
12 mo until the third summer when the eggs hatch. 
Therefore, lobster reproduction (ovigery and spent 
egg rates) was examined separately for 3 reproduc-
tive cohorts: (1) late-stage ovigery rates in females 
collected in May and June with eggs that were likely 
to hatch in the coming weeks, (2) spent rates in 
females collected in June, July, and August, whose 
eggs had recently hatched, and (3) early-stage ovig-
ery rates for females with eggs collected in September 
and October with newly spawned egg masses. Sep-
arate contrasts were conducted for late-stage and 
early-stage ovigery analyses using one model, and a 
second model was used for spent females. All analy-
ses of female reproduction were calculated using only 
females ≥79 mm CL to limit the influence of imma-
ture female abundances that could vary over time and 
among blocks. The 79 mm CL size threshold was 
based on the size at which a 50% maturity rate was 
observed for lobsters collected in offshore SNE 
(Ellertson et al. 2022). Data from all 7 years were used 
in the models, and the respective months and years 
were used in each contrast, as appropriate: for the 
construction phase I contrast, ovigery rates were 
contrasted between September and October in 2015 
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Response modeled     Response description                         Sample size                                    Final model 
 
CPUE                             Total lobster count per trawl            2001 (6 trawl arrays ×                 glmmTMB (negative binomial, 
                                         array                                                         2 surveys mo–1 × 6 mo ×            log link, offset = trap count); 
                                                                                                           7 yr × 4 blocks; minus                ~ Block*Year + Month:Year + 
                                                                                                           missing or incomplete                Block:Month + T + T 2, zi~Month, 
                                                                                                           trawls)                                              where T is temperature deviation  
                                                                                                                                                                      from mean, to avoid collinearity  
                                                                                                                                                                      between T and T 2 
Ovigery rates               Binary response for ovigerous         8053 females (from the               Logistic regression;  
                                         status in adult females collected    4 months of interest,                    ~ Block*Month*Year –  
                                         in May, June (late-stage),                 7 years, 4 blocks)                          Block:Month:Year 
                                         September, and October  
                                         (early-stage) 
Spent rates                    Binary response for recently            10188 females (from the             Logistic regression; ~ Block*Month 
                                         spent eggs in adult females              3 months of interest, 7 years,    + Year + Month:Year 
                                         collected June, July, August            4 blocks) 
Shell disease rates      Binary response for shell                   4085 females (from the               Logistic regression; ~ Block + 
 – females                  disease in adult females                    3 months of interest, 7 years,    Year 
                                         collected in May–July                       4 blocks) 
Cull rates –                Binary response for cull status         17640 males and 27165               Logistic regression; ~ Block + 
 separately by sex      of each sex collected throughout     females (from 6 months,             Month + Year 
                                         each sampling year                             7 years, 4 blocks)

Table 1. Description of methods used to estimate effects for American lobster catch and other biological metrics in the Block 
Island Wind Farm (BIWF) study. CPUE: catch per unit effort. In the final models, note that the ‘*’ is short-hand to indicate main  

effects plus interactions, e.g. Block*Year = Block + Year + Block:Year
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and the same months during the 2 baseline years 
(early-stage ovigerous females); for the construction 
phase II contrast, spent egg rates were contrasted 
between June through August in 2016 and the same 
months during the 2 baseline years (spent females). 

The prevalence of shell disease was examined with 
a logistic regression only for ovigerous females col-
lected from May through July to standardize for shell 
age, i.e. the approximate time of the most recent molt. 
Cull rates were also modeled with a logistic regres-
sion for lobsters of both sexes caught throughout the 
7 yr study, with sex as a separate factor to determine if 
cull rates differed between males and females. 

Lobster size frequency distributions were plotted 
for baseline and operation time periods for each sur-
vey block. Size bins were <50, 50.1–55, …, ending 
with >105 mm CL. 

Initially for each GLM, an unconstrained model was 
fit using the ‘MASS::stepAIC’ function in R (Venables 
& Ripley 2002) and included temperature and fixed 
factors (block, year, month) to identify which models 
were best supported by the data. This first evaluation 
allowed all 2-way and 3-way interactions, as well as an 
association with temperature for each survey event as 
either linear or quadratic. The lower bound of pos-
sible models in this first evaluation was the null model 
(intercept only) which allowed for temperature to be 
the only coefficient in the model; this would be pos-
sible if environmental variability alone sufficiently 
described the variability in the data. In the final model, 
the ‘MASS::stepAIC’ function was run with a restricted 
set of possible models which were constrained to 
include block and year (and month if re quired to 
address the a priori contrasts) to allow estimation of 
the effect size for each spatial–temporal (BACI) inter-
action contrast. The GLM linear predictor (η) for the 
mean response may be written on the link-scale (i.e. 
log-link for CPUE or logit for the rates models) as: 

                            ηbmy = β × α × ω + g(T )                        (1) 

where the upper bound of models for η is set as a func-
tion of block (β), year (α), month within year (ω[m]y), all 
2- and 3-way interactions (e.g. α:β, the interaction be-
tween year and block; or α:β:ω, the interaction between 
year, block, and month), and g(T), a linear or quadratic 
function of standardized temperature (T). Temperature 
was collected on a single trawl within each block, and 
is summarized as the monthly mean per block and 
year; it is standardized (expressed as deviations from 
the mean) to avoid collinearity be tween T and T 2. 

For the catch model, the i th trawl array (i = 1 to 6) 
has total catch (as counts), associated with a block–

month–year–survey event, i.e. C[b,m,y,s,i] is the obs -
ervation for block b (b = 1 to 4), month m (m = 1 to 
6 for May to October), year y (y = 1 to 7), survey s (s = 
1 to 2), and trawl array i (i = 1 to 6); the number of 
traps per trawl is the offset. For the logistic models, 
the observation for each lobster is coded as a binary 
response (yes/no), L[b,m,y], associated with block b, 
month m, in year y. 

For each response, the final model with constraints 
was selected based on the lowest value of Akaike’s in-
formation criterion (AIC) and best residual diagnostics 
(package ‘DHARMa,’ Hartig 2021). From the final 
models, a priori linear contrasts were constructed 
to  estimate differences in lobster responses between 
time periods within each area, (ŶFarField,ImpactPeriod–
ŶFarField,BaselinePeriod), between areas within each pe riod 
(ŶFarField,Period–ŶNearField,Period), and the spatial–temporal 
BACI interaction (ŶFarField,ImpactPeriod–ŶFarField,BaselinePeriod)–
(ŶNearField,ImpactPeriod–ŶNearField,BaselinePeriod), that is, dif-
ferences between temporal changes in the mean of the 
Far Field and mean of the Near Field blocks, or equiv-
alently, differences between spatial changes in the 
baseline and operation time periods. In each contrast, 
the same months included in the Impact period were 
used in the Baseline period, specifically: May–October 
for operation impacts; July–October for construction 
phase I; May–September for construction phase II. 
The contrasts focused on changes in means, both as 
‘pulse’ responses with comparisons to the construction 
phases, and ‘press’ responses with comparison to the 
operation phase (e.g. Underwood 1992). 

These contrasts were calculated as absolute differ-
ences on the original scale for the rates of ovigery, 
shell disease, and cull status. Contrasts in CPUE data 
were estimated as linear differences on the log-scale 
representing proportional change on the original 
scale, as a relevant way to understand changes across 
different groups that might have widely different 
baseline values. A 90% confidence interval (90CI) 
around each BACI contrast was constructed using 
Monte Carlo methods (Tofighi & MacKinnon 2016). If 
the 90CI excludes 0, the interaction is considered 
statistically significant (2-tailed α = 0.10). This ap -
proach provides 90% confidence in the 2-tailed hypo -
thesis of ‘no difference,’ and 95% confidence in each 
of the 1-tailed hypotheses. 

2.3.  Regional context 

Interannual variability observed in the BIWF vent-
less trap survey was compared to data collected in 
RIDEM and the MADMF surveys, which differed 
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from BIWF sampling in both gear configuration and 
survey design. This comparison provides a regional 
context for temporal fluctuations in CPUE at similar 
depths during the same time period with the SNE 
stock area. Temporal trends were compared by plot-
ting the annual deviation from the 7 yr (2013–2019) 
average CPUE established for each survey. Temporal 
trends in lobster CPUE at BIWF were not directly 
compared to CPUE in the state surveys because, 
although a 6-trap trawl array was used as the sam-
pling unit in each study, the state surveys use 3 vent-
less and 3 vented traps per array compared to the 
5 ventless and 1 vented trap array used in the BIWF 
survey. Years with higher-than-average catches have 
values above zero and lower-than-average catches fall 
below zero. Data from the MADMF and RIDEM sur-
veys were sub-sampled to include only those trawls in 
the 21–40 m depth stratum; only trawls from Block 
Island Sound were used from the RIDEM survey 
(McManus et al. 2021), and only those trawls from 
NMFS area 538 off southern Massachusetts were 
used from the MADMF survey (Pugh & Glenn 2020; 
note there was no MADMF survey in 2013). 

3.  RESULTS 

Lobsters (n = 44 844) were collected from 11 923 
uncompromised (intact) traps from 2007 trawl arrays. 
Legal-size lobsters accounted for 14% of the total 
catch, and the majority (71%) of these individuals 
were female. Nine trawl arrays were lost, all of which 
were from the NN block, which is shallower with 
stronger hydrodynamic conditions and rockier sub-
strata on which trawl lines can get snagged. In 
addition, 2 trawls sampled in the NS block in June 
2017 may have been hauled and harvested prior to 
sampling; therefore, these 4 trawl arrays were ex -
cluded from the analysis. Two additional trawl arrays 
from the NN block (May 2017 and October 2019) also 
were excluded from the analysis because less than 4 
uncompromised traps were sampled. There were 1923 
complete trawl arrays and 78 with 4 or more uncom-
promised traps for which catch was modeled, with the 
number of uncompromised traps per trawl array used 
as an offset in the CPUE model to predict average 
catch per trap per trawl array. 

Bottom water temperatures were lowest in May 
(averaging approximately 8°C), increased throughout 
the summer, with the highest average temperatures 
(approximately 17°C) in October (Fig. 2). Average 
bottom temperatures were consistently highest at the 
NN block and lowest in the FS block, with an approx-

imate 2°C difference between these locations. Inter-
annual variation within blocks in mean monthly water 
temperatures was greatest in May, with an average 
range of 4.2°C among years compared to an aver-
age range of 1.8°C among years for all other months 
(see figure in Supplement 1 at www.int-res.com/
articles/suppl/m727p123_supp1.pdf). 

3.1.  Seasonal trends 

Total lobster CPUE varied among months, with 
lowest catches in May and highest catches in August 
(Fig. 3A). The low catch rates in May were similar at 
all survey blocks, and as summer months progressed, 
catches at the Far Field blocks exceeded those at the 
Near Field blocks nearly 3-fold. Ovigery rates ranged 
from 56 to 78% among survey blocks in May, declin-
ing to <6% in July and August, and increasing in Sep-
tember and October, ranging from 16 to 66% (Fig. 3B). 
In May and June, the percentage of ovigerous 
females was highest at the FS block and was fairly 
similar among the other blocks. In October, ovigery 
rates were more variable (26–66%) spatially, with the 
lowest rates in the FN block. Percentages of spent 
females peaked in June and July and were higher at 
the Far Field blocks (Fig. 3C). 

3.2.  BIWF operation effects 

Figures illustrate seasonal variability in habitat 
use in the reference and wind farm locations. Ad -
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Fig. 2. Average monthly bottom water temperatures (from 
readings taken at 10 min intervals throughout each sampling 
year 2013 to 2019) from 1 trawl in each of the 4 survey blocks 
(NS: Near Field South; NN: Near Field North; FS: Far Field 
South; FN: Far Field North). Data for each month, year, and  

block are provided in Supplement 1

https://www.int-res.com/articles/suppl/m727p123_supp1.pdf
https://www.int-res.com/articles/suppl/m727p123_supp1.pdf


Mar Ecol Prog Ser 727: 123–142, 2024

ditionally, figures are provided for all biological 
metrics with a statistically significant (α = 0.10) 
BACI interaction term. The estimated 90CIs for all 
contrasts are provided in Table 2. Details and diag -
nostics for all models are included in Supple-
 ment  2  at www.int-res.com/articles/suppl/m727p123
_supp2.pdf. 

3.2.1.  Catch rates 

Spatial and temporal variation in catch rates oc -
curred throughout the study period (Fig. 4A), with 
consistently higher catch rates in the Far Field than 
the Near Field. The temporal patterns within each 
year also differed between areas, with Far Field show-
ing a distinct peak in catch rates in late July or August 
while Near Field tended towards bimodality, with 
catch rates rising again in October. 

The BACI interaction contrast compares the mean 
temporal change at the Near Field with that at the Far 
Field. Negative BACI contrast values reflect either a 
bigger increase, or a smaller decrease in catch be -
tween time periods at the wind farm, whereas positive 
values reflect the reverse situation, i.e. a smaller 
increase, or bigger decrease in catch at the wind farm. 
Lobster CPUE decreased between the baseline and 
operation time periods in all blocks, with a greater 
proportional decrease in the Near Field (–30%; 90CI = 
–35 to –26%) compared to the Far Field (–18%; 
90CI = –23 to –13%), resulting in a statistically sig -
nificant BACI contrast (17%; 90CI = 7 to 28%; Fig. 4B). 
Lobster catch rates were consistently higher in the 
Far Field, averaging 2.6 and 2.5 more lobsters per 
trap during the baseline and operation time periods, 
respectively. The decrease in lobster CPUE between 
the baseline and operation time periods was similar 
for the 2 locations, i.e. 0.8 fewer lobsters per trap in 
the Near Field and 0.9 fewer lobsters per trap in the 
Far Field, but the decrease accounted for a greater 
proportion of the Near Field catch. Lobster catch 
rates were most stable in the FN block, decreasing by 
0.11 lobsters trap–1 between the baseline and opera-
tion time periods, whereas the largest decrease in 
average catch rate (1.60 lobsters trap–1) occurred 
at  the FS block, revealing considerable variation 
within the reference location. Temperature was sig-
nificant (p < 0.001 for the linear and p = 0.005 for the 
quadratic term), indicating that temperature had an 
effect beyond differences between block, month, and 
year. Therefore, confidence intervals for the esti-
mated effects (Table 2) are adjusted for the in -
fluence of temperature. 
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Fig. 3. (A) Total lobster catch per unit effort (CPUE) as aver-
age catch per trap per trawl array averaged across all years 
for each month, and monthly percentages averaged across 
years of (B) ovigerous and (C) spent females for each survey 
block (NS: Near Field South; NN: Near Field North; FS: Far 
Field South; FN: Far Field North). Data for each month, year,  

and block are provided in Supplement 2

https://www.int-res.com/articles/suppl/m727p123_supp2.pdf
https://www.int-res.com/articles/suppl/m727p123_supp2.pdf


Wilber et al.: Lobster responses to offshore wind farm 131

Im
pa

ct
 p

er
io

d
   

   
  M

od
el

  
  

  
  

  
  

  
  

 T
em

po
ra

l d
iff

er
en

ce
   

   
   

   
   

   
  

  
  

  
  

  
  

  
  

Sp
at

ia
l d

iff
er

en
ce

  
   

   
   

   
   

   
   

   
   

   
   

   
   

   
In

te
ra

ct
io

n 
BA

C
I 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  
  

  
  

  
  

  
  

 (
im

pa
ct

 p
ha

se
 –

 b
as

el
in

e)
a    

   
  

  
  

  
  

  
  

  
 (

Fa
r F

ie
ld

 –
 N

ea
r F

ie
ld

) 
   

   
   

   
   

   
   

Im
pa

ct
(F

ar
–

N
ea

r)
 –

 B
as

e (
Fa

r–
N

ea
r)

 o
r  

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 N
ea

r F
ie

ld
   

   
   

   
   

   
   

   
   

   
Fa

r F
ie

ld
   

   
   

   
   

   
   

   
   

   
  B

as
el

in
e

   
   

   
   

   
   

   
 Im

pa
ct

 P
ha

se
   

   
   

  F
ar

(I
m

pa
ct

–
Ba

se
) –

 N
ea

r (I
m

pa
ct

–
Ba

se
) 

 Lo
bs

te
r C

PU
E

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

O
P 

   
   

   
   

   
   

   
   

   
 B

*M
*Y

   
   

   
   

   
   

 –
30

 [–
35

, –
26

] 
   

   
   

   
   

 –
18

 [–
23

, –
13

]  
   

   
   

   
   

   
  1

00
 [8

0,
 1

21
] 

   
   

   
   

   
  1

34
 [1

14
, 1

56
] 

   
   

   
   

   
   

   
   

   
   

 1
7 

[7
, 2

8]
 

C
P1

   
   

   
   

   
   

   
   

 –
 B

:M
:Y

   
   

   
   

   
   

   
 5

0 
[3

6,
 6

5]
   

   
   

   
   

   
   

   
–

16
 [–

23
, –

9]
   

   
   

   
   

   
   

 1
82

 [1
49

, 2
18

] 
   

   
   

   
   

   
 5

8 
[4

1,
 7

8]
   

   
   

   
   

   
   

   
   

  –
44

 [–
50

, –
37

] 
C

P2
   

   
   

   
   

   
   

   
 +

 T
 +

 T
2    

   
   

   
   

   
   

  6
2 

[4
9,

 7
6]

   
   

   
   

   
   

   
   

  1
08

 [9
1,

 1
25

] 
   

   
   

   
   

   
   

  1
25

 [1
02

, 1
50

]  
   

   
   

   
   

18
9 

[1
56

, 2
27

] 
   

   
   

   
   

   
   

   
   

   
28

 [1
5,

 4
3]

 
Pe

rc
en

t o
vi

ge
ry

 (e
ar

ly
- o

r l
at

e-
st

ag
e 

ad
ul

t f
em

al
es

) 
   

   
   

 L
at

e 
st

ag
e 

(M
ay

–
Ju

ne
) 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

O
P 

   
   

   
   

   
   

   
   

   
 B

*M
*Y

   
   

   
   

   
   

 –
1.

4 
[–

6.
2,

 3
.2

] 
   

   
   

   
   

   
   

 1
7 

[1
4,

 2
1]

   
   

   
   

   
   

   
  –

11
 [–

15
, –

6.
6]

   
   

   
   

   
 8

.2
 [4

.4
, 1

2]
   

   
   

   
   

   
   

   
   

   
   

19
 [1

4,
 2

4]
 

   
   

   
   

   
   

   
   

   
   

   
–

 B
:M

:Y
 

   
   

   
 E

ar
ly

 s
ta

ge
 (S

ep
te

m
be

r–
O

ct
ob

er
) 

O
P 

   
   

   
   

   
   

   
   

   
 B

*M
*Y

   
   

   
   

   
   

   
1.

5 
[–

2.
9,

 5
.8

] 
   

   
   

   
   

   
   

  9
.1

 [6
.3

, 1
2]

   
   

   
   

   
   

   
  –

19
 [–

22
, –

15
]  

   
   

   
 –

11
 [–

15
, –

7.
5]

   
   

   
   

   
   

   
   

   
  7

.6
 [3

, 1
2]

 
C

P1
   

   
   

   
   

   
   

   
 –

 B
:M

:Y
   

   
   

   
   

   
 5

.1
 [–

0.
3,

 1
1]

   
   

   
   

   
   

   
   

  2
1 

[1
7,

 2
5]

   
   

   
   

   
   

   
   

–
19

 [–
22

, –
15

]  
   

   
   

  –
2.

9 
[–

8.
3,

 2
.6

]  
   

   
   

   
   

   
   

   
   

16
 [9

.4
, 2

2]
 

Pe
rc

en
t e

gg
s 

sp
en

t (
ad

ul
t f

em
al

es
 J

un
e–

A
ug

us
t)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 
O

P
   

   
   

   
   

   
   

   
   

B *
M

 +
Y 

   
   

   
   

   
–

3.
9 

[–
5.

6,
 –

2.
3]

   
   

   
   

   
 –

12
 [–

14
, –

11
]  

   
   

   
   

   
   

   
8.

7 
[6

.7
, 1

1]
   

   
   

   
   

   
 0

.2
 [–

1.
3,

 1
.7

] 
   

   
   

   
   

   
   

  –
8.

5 
[–

9.
6,

 –
7.

3]
 

C
P1

   
   

   
   

   
   

   
   

   
+

 M
:Y

   
   

   
   

   
  –

8.
2 

[–
9.

8,
 –

6.
6]

   
   

   
   

   
–

12
 [–

14
, –

9.
9]

   
   

   
   

   
   

   
 8

.0
 [5

.9
, 1

0]
   

   
   

   
   

   
   

4.
4 

[3
.1

, 5
.6

] 
   

   
   

   
   

   
   

   
–

3.
6 

[–
4.

8,
 –

2.
5]

 
Pe

rc
en

t s
he

ll 
di

se
as

e 
(o

vi
ge

ro
us

 o
r s

pe
nt

 fe
m

al
es

 M
ay

–
Ju

ly
)  

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 

O
P

   
   

   
   

   
   

   
   

   
   

B 
+

 Y
   

   
   

   
   

   
–

1.
7 

[–
2.

7,
 –

0.
8]

   
   

   
   

  –
4.

1 
[–

6.
5,

 –
1.

8]
   

   
   

   
   

–
8.

8 
[–

10
, –

7.
2]

   
   

   
  –

11
 [–

13
, –

9.
1]

   
   

   
   

   
   

   
  –

2.
4 

[–
4,

 –
0.

9]
 

Pe
rc

en
t c

ul
ls

 in
 m

al
es

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
O

P
   

   
   

   
   

   
   

   
   

  B
 +

 M
  

   
   

   
   

   
  –

1.
1 

[–
2.

3,
 0

.1
] 

   
   

   
   

   
  –

0.
4 

[–
1.

3,
 0

.6
]  

   
   

   
   

   
–

3.
1 

[–
4.

0,
 –

2.
2]

   
   

   
–

2.
3 

[–
3.

2,
 –

1.
5]

   
   

   
   

   
   

   
   

 0
.8

 [0
.4

, 1
.1

] 
C

P1
   

   
   

   
   

   
   

   
   

   
+

 Y
   

   
   

   
   

   
  –

3.
5 

[–
4.

8,
 –

2.
1]

   
   

   
   

  –
2.

2 
[–

3.
3,

 –
1.

1]
   

   
   

   
   

–
3.

1 
[–

4.
0,

 –
2.

2]
   

   
   

–
1.

8 
[–

2.
5,

 –
1.

1]
   

   
   

   
   

   
   

   
 1

.3
 [0

.9
, 1

.7
] 

C
P2

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 –

2.
4 

[–
3.

6,
 –

1.
2]

   
   

   
   

  –
1.

1 
[–

2.
1,

 –
0.

1]
   

   
   

   
   

–
3.

3 
[–

4.
2,

 –
2.

4]
   

   
   

–
2.

0 
[–

2.
8,

 –
1.

2]
   

   
   

   
   

   
   

   
 1

.3
 [0

.9
, 1

.7
] 

Pe
rc

en
t c

ul
ls

 in
 fe

m
al

es
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 

O
P

   
   

   
   

   
   

   
   

   
  B

 +
 M

  
   

   
   

   
   

–
0.

9 
[–

1.
7,

 –
0.

1]
   

   
   

   
   

 –
0.

2 
[–

0.
8,

 0
.5

]  
   

   
   

   
   

–
2.

8 
[–

3.
5,

 –
2.

1]
   

   
   

–
2.

1 
[–

2.
8,

 –
1.

4]
   

   
   

   
   

   
   

   
   

0.
7 

[0
.4

, 1
] 

C
P1

   
   

   
   

   
   

   
   

   
   

+
 Y

   
   

   
   

   
   

  –
1.

4 
[–

2.
5,

 –
0.

3]
   

   
   

   
   

 –
0.

4 
[–

1.
2,

 0
.4

]  
   

   
   

   
   

–
3.

1 
[–

3.
8,

 –
2.

3]
   

   
   

–
2.

1 
[–

2.
8,

 –
1.

4]
   

   
   

   
   

   
   

   
 1

.0
 [0

.6
, 1

.3
] 

C
P2

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  0
.4

 [–
0.

5,
 1

.3
]  

   
   

   
   

   
   

   
 0

.9
 [0

.2
, 1

.7
] 

   
   

   
   

   
   

   
–

2.
3 

[–
3,

 –
1.

6]
   

   
   

  –
1.

8 
[–

2.
5,

 –
1.

1]
   

   
   

   
   

   
   

   
 0

.5
 [0

.2
, 0

.8
] 

a Fo
r m

et
ri

cs
 e

xp
re

ss
ed

 a
s p

er
ce

nt
ag

es
 (e

.g
. c

ul
ls

, s
he

ll 
di

se
as

e)
 th

e 
co

nt
ra

st
s w

er
e 

ca
lc

ul
at

ed
 a

s d
iff

er
en

ce
s o

n 
th

e 
or

ig
in

al
 sc

al
e,

 so
 th

at
 re

su
lts

 re
pr

es
en

t d
iff

er
en

ce
s 

in
 p

er
ce

nt
 re

sp
on

se
. F

or
 e

xa
m

pl
e,

 a
 te

m
po

ra
l d

iff
er

en
ce

 o
f +

5%
 in

di
ca

te
s t

he
 im

pa
ct

 p
ha

se
%

 re
sp

on
se

 w
as

 e
st

im
at

ed
 a

s t
he

 b
as

el
in

e 
ph

as
e 

+
 5

%
. F

or
 C

PU
E,

 th
e 

co
n-

tr
as

t d
iff

er
en

ce
s 

w
er

e 
ca

lc
ul

at
ed

 o
n 

th
e 

lo
g-

sc
al

e 
an

d 
ba

ck
-t

ra
ns

fo
rm

ed
 to

 th
e 

or
ig

in
al

 s
ca

le
, s

o 
re

su
lts

 re
pr

es
en

t p
ro

po
rt

io
na

l c
ha

ng
e.

 F
or

 e
xa

m
pl

e,
 a

 te
m

po
ra

l d
iff

er
-

en
ce

 o
f –

30
%

 fo
r C

PU
E 

in
di

ca
te

s 
th

e 
im

pa
ct

 p
ha

se
 C

PU
E 

w
as

 3
0%

 o
f t

he
 b

as
el

in
e 

C
PU

E 
(e

.g
. 3

/1
0)

. S
ee

 S
up

pl
em

en
t 2

 fo
r m

or
e 

in
fo

rm
at

io
n 

fo
r i

nt
er

pr
et

in
g 

re
su

lts

Ta
bl

e 
2.

 E
st

im
at

ed
 p

er
ce

nt
 c

ha
ng

es
 b

et
w

ee
n 

ba
se

lin
e 

an
d 

im
pa

ct
 p

er
io

d,
 b

et
w

ee
n 

ar
ea

s,
 a

nd
 th

e 
sp

at
ia

l–
te

m
po

ra
l b

ef
or

e–
af

te
r–

co
nt

ro
l–

im
pa

ct
 (B

A
C

I)
 in

te
ra

ct
io

n 
(9

0%
 c

on
fid

en
ce

 in
te

rv
al

s 
gi

ve
n 

in
 p

ar
en

th
es

es
). 

R
es

ul
ts

 p
re

se
nt

ed
 b

y 
m

et
ri

c 
an

d 
im

pa
ct

 p
ha

se
. I

m
pa

ct
 p

er
io

d 
is

 c
om

pa
re

d 
to

 b
as

el
in

e,
 w

he
re

 O
P:

 o
pe

ra
tio

n 
(M

ay
 

th
ro

ug
h 

O
ct

ob
er

, 2
01

7–
20

19
); 

C
P1

: c
on

st
ru

ct
io

n 
ph

as
e 

I (
Ju

ly
 th

ro
ug

h 
O

ct
ob

er
, 2

01
5)

; C
P2

: c
on

st
ru

ct
io

n 
ph

as
e 

II
 (A

pr
il 

th
ro

ug
h 

Se
pt

em
be

r, 
20

16
). 

Ba
se

lin
e 

pe
ri

od
 d

at
a 

w
er

e 
ex

tr
ac

te
d 

fr
om

 P
ro

je
ct

 Y
ea

rs
 1

 a
nd

 2
 fo

r t
he

 sa
m

e 
m

on
th

s a
s t

he
 im

pa
ct

 p
er

io
d 

fo
r e

ac
h 

co
m

pa
ri

so
n.

 M
od

el
 c

om
po

ne
nt

s i
nc

lu
de

: b
lo

ck
 (B

), 
ye

ar
 (Y

), 
m

on
th

 (M
), 

an
d 

bo
tt

om
 w

at
er

 t
em

pe
ra

tu
re

 (
st

an
da

rd
iz

ed
) 

(T
). 

M
od

el
 c

om
po

ne
nt

s 
in

di
ca

te
d 

w
ith

 a
 ‘ *

’ i
nc

lu
de

 t
he

 m
ai

n 
ef

fe
ct

s 
pl

us
 t

he
 in

te
ra

ct
io

n 
te

rm
, e

.g
. B

*Y
 is

 B
lo

ck
 +

 Y
ea

r 
+

  
Bl

oc
k:

Ye
ar

. F
or

 m
od

el
 d

et
ai

ls
, s

ee
 s

ec
tio

ns
 fo

r i
m

pa
ct

 p
ha

se
 b

y 
m

et
ri

c 
in

 S
up

pl
em

en
t 2



Mar Ecol Prog Ser 727: 123–142, 2024

3.2.2.  Ovigery rates 

Ovigery rates for late-stage ovigerous females 
(May and June) increased between the baseline and 
operation time periods in every survey block, with a 
greater observed increase in the Far Field (14%) com-
pared to the Near Field (3%), resulting in a statisti-
cally significant BACI interaction (19%; 90CI = 14 to 
24%). The highest average ovigery rates were in the 
NS (47%), FN (47%), and FS (59%) blocks for the 
operation time period (Fig. 5A). Estimated ovigery 
rates indicated a large increase from baseline to the 
operation time period in the Far Field blocks (17%; 
90CI = 14 to 21%), whereas there was a smaller, and 
highly variable change in ovigery rates between time 
periods predicted for the Near Field blocks (–1.4%; 
90CI = –6.2 to 3.2%). Temperature did not contribute 

significantly to the model. Month was a required fac-
tor in this model to be able to estimate a priori con-
trasts (Section 2.2). However, month could be consid-
ered a surrogate for temperature, and there were 
interactions between month and both block and year, 
indicating that the magnitude of the month (or tem-
perature) effect changed depending on block or year, 
which means it is not possible to completely separate 
block and time period effects from temperature. 

The percentage of females with recently hatched 
eggs (spent) decreased in all blocks between time 
periods, with a greater observed average decrease 
in the Far Field (–13%) compared to the Near Field 
(–6%) (Fig. 5B), resulting in a statistically significant 
BACI contrast (–8.5%; 90CI = –9.6 to –7.3%). Tem-
perature was not a significant covariate in the model. 
Similar to the ovigery model, month was a necessary 
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factor to be able to estimate the a priori contrasts 
(Section 2.2). The interactions between month (corre-
lated with temperature) and both block and year indi-
cate it may not be possible to completely separate 
block and time period effects from temperature. 

There were differences in ovigery rates for early-
stage ovigerous females (September and October) be -
tween locations and time periods (Fig. 5C), yielding a 
statistically significant BACI interaction (7.6%; 90CI = 3 
to 12%). Estimated ovigery rates were lower in the Far 
Field compared to Near Field blocks during both the 
baseline (–19%; 90CI = –22 to –15%) and operation 
(–11%; 90CI = –15 to –7.5%) time periods. Ovi gery 
rates increased from the baseline to the operation time 
period in the Far Field (9.1%; 90CI = 6.3 to 12%). Ovig-
ery rates increased between the baseline and operation 
time periods at every block except NN (Fig. 5C). 

3.2.3.  Shell disease 

The prevalence of shell disease (examined only for 
ovigerous females collected from May through July) 
was consistently higher during the baseline time 

period (Fig. 6). The proportional decrease in disease 
prevalence between time periods was greater in the 
Far Field, resulting in a statistically significant BACI 
contrast (–2.4%; 90CI = –4 to –0.9%). Estimated shell 
disease prevalence in the Far Field blocks decreased 
approximately 4% between time periods compared to 
a 2% decrease in the Near Field blocks. Overall dis-
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ease prevalence in the Near Field averaged approx-
imately 94% compared to 85% in the Far Field over 
the baseline and operation time periods (Fig. 6). Tem-
perature was not included in the model because con-
current temperatures are not likely related to shell 
disease, which develops over time. 

3.2.4.  Cull status 

Cull rates varied between sexes (p < 0.001 for sex 
coefficient), so separate models were constructed for 
males and females. Male cull rates decreased slightly 
between the baseline and operation time periods in 
both the Near Field and Far Field, with a proportion -
ally greater decrease in the Near Field (Fig. 7), result-
ing in a statistically significant BACI contrast (0.8%; 
90CI = 0.4 to 1.1%). Temperature was not a statistically 
significant covariate in the model. Preliminary model-
ing indicated that month was not an important factor 
in the model, and variability in these data could be ad -
equately described by block and year alone. However, 
month was a necessary factor in the model to be able to 
estimate the a priori contrasts (Section 2.2). Male cull 
rates across all blocks ranged from 10 to 12.5% during 
both the baseline and operation time periods (Fig. 7). 

Female cull rates exhibited spatial–temporal dif-
ferences (Fig. 7), with a greater estimated decrease in 
the Near Field between the baseline and operation 
time periods than in the Far Field (BACI contrast: 0.7; 
90CI = 0.4 to 1.0%). Female cull rates were slightly 
lower in the Far Field during the baseline (–2.8%; 
90CI = –3.5 to –2.1%) and operation (–2.1%; 90CI = 
–2.8 to –1.4%) time periods. Temperature was not a 
significant covariate in the model that included block, 
month, and year — factors which were required to 
be able to estimate all the a priori contrasts. Prelimi-
nary modeling indicated that block and temperature 
to gether were sufficient to adequately describe the 
variability in the data. Female cull rates across all 
blocks ranged from 8 to 10% during the baseline time 
period and 7 to 10% during the operation time period 
(Fig. 7). 

3.2.5.  Size distributions 

Lobster size distributions were similar between the 
baseline and operation time periods in all survey 
blocks and reached a more pronounced peak for the 
80.1–85 mm CL size class at the Far Field blocks com-
pared to the Near Field blocks (Fig. 8). This peak was 
slightly higher during the operation time period in 

the Far Field. Smaller lobsters (<65 mm CL) comprised 
a greater proportion of the catch in the Near Field. 

3.3.  BIWF construction effects 

3.3.1.  Catch rate 

For the construction phase I contrast, lobster CPUE 
increased between baseline and construction phase I 
time periods at the Near Field (50%; 90CI: 36 to 65%) 
and decreased in the Far Field (–16 %; 90CI: –23 to 
–9%) (Fig. 9A), resulting in a statistically significant 
BACI interaction (–44%; 90CI = –50 to –37%). Also, 
estimated lobster catch rates were greater at the Far 
Field location compared to the Near Field location 
during both baseline and construction phase I time 
periods (Far Field CPUE was nearly 182% higher than 
Near Field locations during baseline and 58% higher 
during construction phase I). 

Lobster CPUE increased in all blocks between the 
baseline and construction phase II time periods, with 
a greater increase in the Far Field (Fig. 9B), resulting 
in a statistically significant BACI interaction (28%; 
90CI = 15 to 43%). The increase in catch between the 
baseline and construction phase II time periods was, 
on average, 3.3 lobsters trap–1 more at the Far Field 
location than the increase at the Near Field location. 

3.3.2.  Ovigery rates 

Ovigery rates for early-stage ovigerous females were 
higher during construction phase I compared to the 
baseline time period at all blocks except NN (Fig. 10A), 
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resulting in a statistically significant BACI interaction 
(16%; 90CI = 9.4 to 22%). Higher ovigery rates during 
construction phase I occurred at the Far Field blocks 
(estimated increase of 21%; 90CI = 17 to 25%). 

The percentage of spent females (June through 
August) was lower in the Near Field (–8.2%; 90CI = 
–9.6 to –6.6%) and Far Field (–12%; 
90CI = –14 to –9.9%) locations during 
the construction phase II time period 
compared to baseline (Fig. 10B), with a 
greater proportional decrease in the Far 
Field yielding a statistically significant 
BACI contrast (–3.6%; 90CI = –4.8 to 
–2.5%). Additionally, the percentage 
of spent females was higher at the Far 
Field location during the baseline (8%; 
90CI = 5.9 to 10%) and operation (4.4%; 
90CI = 3.1 to 5.6%) time periods com-
pared to the Near Field location. On 
average, the decrease in percentage 
of  spent females between the base-
line and construction phase II time 
periods ranged from a 9% decline in 
the NN block to a 15% decline in the 
NS block (Fig. 10B). 

3.3.3.  Cull status 

Male cull rates were slightly lower during construc-
tion phase I in all survey blocks than cull rates 
observed in either of the baseline years, and this 
decrease was proportionally greater in the Near Field 
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(BACI interaction: 1.3%; 90CI = 0.9 to 1.7%). The esti-
mated decrease from baseline to the construction 
phase I time period was –3.5% (90CI = –4.8 to –2.1%) 
in the Near Field and –2.2% (90CI = –3.3 to –1.1%) 
in the Far Field. 

During construction phase I months, female cull 
rates exhibited a statistically significant BACI con-
trast (1.0%; 90 CI = 0.6 to 1.3%) due to lower rates in 
the Far Field during the baseline time period (–3.1%; 
90CI = –3.8 to –02.3%) and construction phase I time 
period (–2.1%; 90CI = –2.8 to –1.4%). 

During construction phase II months, male cull 
rates also exhibited a statistically significant BACI 
contrast (1.3%; 90CI: 0.9 to 1.7%), with slightly lower 
rates in the Far Field blocks during the baseline (–3.3%; 
90CI = –4.2 to –2.4%) and the construction phase II 
(–2.0 %; 90CI = –2.8 to –1.2 %) time periods. Simi-
lar to males, female cull rates were lower in the Far 
Field blocks during the baseline (–2.3%; 90CI = –3.0 to 
–1.6%) and the construction phase II (–1.8%; 90CI = 
–2.5 to –1.1%) time periods. 

3.3.4.  Regional context 

Interannual variation in the catches of lobsters in 
the BIWF and the 21–40 m depth strata from the 
RIDEM and MADMF surveys from 2013 to 2019 
showed similar patterns (Fig. 11). Catches were higher 
than average in 2016 in all 3 surveys, decreasing in 
2017 regionally, and remaining lower than average in 
the BIWF and RIDEM surveys in 2018, which is when 
catches peaked in the MADMF survey. In 2019, 
catches were lower than average in all 3 surveys. The 

magnitude of interannual variation 
was highest in the MADMF survey 
(coefficient of variation [CV] = 51%), 
compared to the BIWF (CV = 36%) and 
RIDEM (29%) surveys. 

4.  DISCUSSION 

Operation of the BIWF has oc -
curred against a background of declin-
ing SNE American lobster harvests, 
standing stock biomass (ASMFC 2020), 
and abundances in fishery-independ-
ent surveys (McManus et al. 2021). 
Historically, the American lobster sup-
ported one of the most productive fish-
eries on the northeastern coast of the 
USA (Wahle et al. 2015, Carloni & Wat-

son 2018), but in recent decades, harvests have 
decreased dramatically in SNE coincident with the 
onset of shell disease and increasing summer water 
temperatures (Glenn & Pugh 2006, Wahle et al. 2009). 
For instance, water temperatures in the northwest 
Atlantic have increased at a rate ranked in the top 1% 
globally (Pershing et al. 2015), and this temperature 
increase is associated with a northern shift in the dis-
tributions of lobster stock and fishing effort (Rheuban 
et al. 2017, Zou et al. 2021). 

4.1.  BIWF operation effects 

At the BIWF, decreases in the lobster catch between 
the baseline and operation time periods occurred at 
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both the wind farm and reference locations, with very 
similar decreases in CPUE. However, because mean 
catch rates were lower at the wind farm, this decline 
was proportionally greater, yielding a statistically sig-
nificant result with unclear ecological meaning be -
cause this finding is consistent with both an effect of 
wind farm operation and the regional shift in lobster 
distributions to cooler habitat. The wind farm is located 
in suboptimal lobster habitat with shallower depths 
and warmer water than the reference location. Aver-
age lobster catches decreased between the baseline 
and operation time periods at the wind farm (–30%; 
90CI: –35 to –26%) and reference locations (–18%; 
90CI: –23 to –13%), and catches were consistently 
higher at the reference location throughout the 7 yr 
study period. A greater proportional decline in catches 
in suboptimal habitat may reflect a tendency for ag -
gregations to be more stable in favored habitat (Vidal 
et al. 2018), similar to the phenomenon of hyperstabil-
ity in fisheries-dependent data, i.e. aggregations on 
favored habitat can buffer CPUE as the population 
declines elsewhere (Rose & Kulka 1999, Dassow et al. 
2020). The more pronounced truncation of lobster 
size distributions at the legal-size limit (i.e. >85 mm 
CL [legal size = 85.7 mm CL]) at the reference loca-
tion is consistent with higher fishing pressure (sensu 
Collie et al. 2016, Pugh & Glenn 2020) in this area, 
which was acknowledged as part of the study design. 
Results of this study, therefore, satisfy the objective 
of  chronicling lobster responses to wind farm con-
struction and operation on the local fishing grounds; 
however, lobster catch results cannot be clearly inter-
preted regarding a direct wind farm effect in the Near 
Field. In contrast, changes in other lobster metrics 
(ovigery, shell disease, and cull status) are not subject 
to the potential complication of hyperstability in 
favored habitat because these metrics were assessed 
as a proportion of the catch. Interpretations of signifi-
cant BACI contrasts should focus on distinguishing 
between statistically vs. ecologically meaningful re -
sults. In the case of shell disease and cull rates, differ-
ences in temporal change between the wind farm and 
reference locations were a few percentage points and 
unlikely to be ecologically relevant. Ovigery con-
trasts yielded larger relative differences that merit 
future investigation via directed research. 

Ovigery rates for females carrying late-stage eggs 
(May and June) increased between the baseline and 
operation time periods in all survey blocks and to a 
greater extent in the reference location. During both 
time periods, the proportion of these pre-hatch fe -
males was highest at the FS block, which had the cool-
est, average bottom water temperatures and the 

greatest bottom depths, indicating some habitat selec-
tion may occur at spatial scales of several kilometers. 
In the southern Gulf of Maine, where bottom water 
temperatures are generally lower than in SNE, fe -
males carrying late-stage eggs move to deeper, cooler 
water approximately 2 wk before hatching, where 
proximity to favorable currents may aid in the dis-
persal and survival of larvae (Carloni et al. 2021). 
Thus, females with eggs in the process of hatching 
tend to occupy deeper habitat (Carloni & Watson 
2018). 

The higher proportion of spent females (eggs re -
cently hatched) during the baseline time period at the 
reference location was consistent with this area serv-
ing as a hatching site, which warrants further investi-
gation to potentially inform larval transport models 
(e.g. Casey et al. 2023). The proportion of spent fe -
males was lower in all survey blocks during the oper-
ation time period and notably lower in the reference 
location. The use of spent female distributions as an 
indicator of hatching locations may not be as reliable 
as late-stage-egg female distributions because the 
visible duration of the spent phase is shorter, and 
therefore, more easily missed. Additionally, the iden-
tification of spent females can be somewhat subjec-
tive depending on the threshold of deteriorating 
cementum that is recognized as an indicator of this 
metric. The cementum on the pleopods of females that 
makes them identifiable as recently hatched is esti-
mated to remain visible for approximately 2 to 3 wk (J. 
Carloni pers. comm. reported by Pugh & Glenn 2020). 

The percentage of ovigerous females in September 
and October was consistently lower at the FN block, 
which was located furthest inshore, which is consis-
tent with an offshore movement of newly-spawned 
females. Aggregations of ovigerous female lobsters 
oc cur in shallow waters in the spring and summer 
(Campbell 1990) and move offshore in the fall and 
winter where temperatures are warmer and more 
stable, thus maximizing their exposure to water tem-
peratures that promote egg development (Aiken & 
Waddy 1986, Waddy & Aiken 1995, Cowan et al. 2007, 
Goldstein & Watson 2015). Female migrations may 
also improve proximity to favorable larval settle-
ment habitat (Goldstein & Watson 2015) as egg-bearing 
fe males shift larval release seaward away from warm-
ing coastal habitat that exceeds their thermal pref-
erences and that of larvae and early benthic-stage 
lobsters (Casey et al. 2023). The decrease in per -
centage of early-stage ovigerous females between 
the baseline and operation time periods only at the 
NN block is similar to the late-stage ovigerous female 
results and will require directed research to deter-
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mine whether the distribution patterns are related to 
wind farm operation. 

Shell disease prevalence also varied spatially and 
temporally, with a greater proportional decrease in 
the reference location between the baseline and oper-
ation time periods compared to the Near Field, where 
prevalence rates were higher. However, these changes 
were minor, i.e. only a few percent. The prevalence of 
shell disease was high (average = 90%) for the sub-
population assessed (females with late-stage or spent 
eggs), which was expected given higher disease prev-
alence prior to molting (e.g. Glenn & Pugh 2006). 
Shell disease may reflect an individual’s weakened 
immune defenses, and increasing water temperatures 
can impair host defense responses (Barris et al. 2018). 
The association between shell disease progression 
and increasing temperature has been demonstrated 
with controlled experiments (Barris et al. 2018) and 
field studies demonstrating a latitudinal trend (Glenn 
& Pugh 2006, Castro & Somers 2012, Groner et al. 
2018). In Long Island Sound, shell disease prevalence 
is related to temperature-induced molting and is 
highest in the fall (sampling from May to October), 
ranging from 30 to 80% following cooler vs. hotter 
summers, respectively (Groner et al. 2018). These per-
centages should not be compared to the percentages 
analyzed in the present study because only females 
carrying late-stage eggs and spent females were 
assessed for the BIWF analysis to control for shell 
age. Shell disease was not related to female fecundity 
in SNE (Goldstein et al. 2022). 

Cull rates decreased during the operation time 
period relative to the baseline time period and were 
consistently higher in the wind farm than at the refer-
ence location. Spatiotemporal changes were consis-
tent, but small in magnitude. The cull rates of male 
and female lobsters averaged 11.5 and 9.0%, respec-
tively, in this study, which are similar to rates re -
ported in other studies. Rates of claw loss near Prince 
Edward Island, Canada, ranged from 5 to 19% in the 
early 1970s (Scakratt 1973) and 7% in 2007 (Pickering 
& Quijon 2010). Fishery studies cited by Pickering & 
Quijon (2010) reported cull rates of 8 and 14% for the 
Maine lobster fishery, 8–15% in western Long Island 
Sound (LIS), and 18–21% off the coast of Massachu-
setts. Similar to this study, cull rates in LIS (Pickering 
& Quijon 2010) were higher for males than females. 

4.2.  BIWF construction effects 

The higher lobster catches during construction 
phase I (when pile driving occurred) compared to the 

baseline time period at the wind farm location suggest 
that lobsters did not avoid the project area during tur-
bine installation. In fact, the temporal increase in lob-
ster catches in the Far Field was substantially smaller 
compared to the Near Field (BACI interaction: –44%; 
90CI: –37 to –50%). Pile driving produces a loud 
(high-amplitude), impulsive, low-frequency sound that 
can propagate over long distances (Bailey et al. 2010) 
and overlaps with the hearing ranges of marine ani-
mals (Madsen et al. 2006, Hawkins et al. 2015), in -
cluding lobsters (Jézéquel et al. 2021). The higher 
lobster catches at the reference location during the 
second phase of construction reflect regional trends. 
Catches throughout the region (BIWF, RIDEM, and 
MADMF surveys) were highest during 2016 when 
cable placement occurred. Catches also increased 
at  the Near Field site during construction phase II 
(2016), but the increases were less pronounced than 
those observed at the Far Field site. The interaction 
may reflect less favorable conditions near the wind 
farm or more favorable conditions at the reference 
location for lobsters during the period of cable place-
ment. Cable placement reduces sediment compaction 
over the pathway of the cable, elevates suspended 
sediments, and causes vibrations and noise. These 
disturbances are expected to be short term and 
localized near the cable route, which at its closest was 
1.4 km from the sampling block NN. Cable installa-
tion required 2 periods of cable placement, from the 
Rhode Island shore to Block Island and from Block 
Island to the wind farm, including inter-array cables. 

Ovigery rates for females with early-stage eggs 
were higher at all blocks during construction phase I 
compared to the baseline time period, except the NN 
block, which is the block closest to the wind farm. This 
difference may be due to fine-scale interannual vari-
ability in distribution. Although lower than the base-
line time period, the percentage of ovigerous females 
at the NN block (44%) during construction phase I 
was higher than that at the NS (35%) and FN (32%) 
blocks. 

4.3.  Regional context 

Interannual variation in BIWF lobster catches was 
similar to regional variation documented by RIDEM 
and MADMF state surveys in terms of the direction of 
deviation from each study’s overall average catch; 
however, the magnitude of variation in the state sur-
veys (MADMF overall and RIDEM in 2016) was con-
siderably greater than observed at BIWF. The differ-
ence in sampling designs may have contributed to 
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lower levels of variation in the BIWF study, i.e. state 
surveys use completely random designs within each 
depth stratum, whereas random samples in the BIWF 
study were restricted to fixed trawl lines within a 
smaller area. In addition, the state surveys sample 
over more varied bottom habitat. Relatively high 
catches occurred in all 3 surveys in 2016, but these 
catches were low relative to the early years (2006–
2008) of the SNE lobster index (McManus et al. 2021). 

A common challenge of monitoring studies con-
ducted in recent decades is to distinguish between 
local anthropogenic effects and a shifting baseline 
related to climate change (Little et al. 2017, Sanford et 
al. 2019). In the case of American lobsters, warming 
temperatures coupled with increasing abundances of 
warm-tolerant predators, e.g. smooth dogfish Muste-
lus canis and striped bass Morone saxatilis, are associ-
ated with a northerly shift in the central biomass of 
SNE lobsters, with varying effects across their range 
(Boudreau et al. 2015). In this study, potential impacts 
of BIWF construction and operation were assessed 
using reference locations mutually selected with rep-
resentatives of the fishing industry, which ensured 
that the survey design included important lobster fish-
ing grounds. Siting the reference location in deeper, 
cooler water allowed the survey to chronicle potential 
changes in lobster metrics on fishing grounds relative 
to the wind farm site over the baseline, construction, 
and operation time periods. However, the difference 
in depths and temperature between the Near Field 
and Far Field locations may have confounded project 
impacts with unrelated temporal shifts in lobster dis-
tributions. Monitoring at BIWF is the first of its kind 
in North America and the design decision to doc-
ument lobster metrics on fishing grounds was valu-
able to satisfy concerns of an important stakeholder; 
therefore, future OSW monitoring can concentrate on 
using comparable reference areas or gradient designs. 

5.  CONCLUSIONS AND LESSONS LEARNED 

The BIWF ventless trap survey results demonstrate 
the regional trend of declining lobster catch rates, 
which were more pronounced at the shallower wind 
farm site. Although a potential effect of wind farm 
operation cannot be separated from regional shifts in 
lobster distributions to deeper, colder habitat, the 
study design effectively demonstrates that no major 
impacts of wind farm construction and operation on 
lobster catch were apparent in an area where the lob-
ster fishery is locally concentrated. Despite tradeoffs 
in the study design, survey results provide important 

information and a robust data set to support design of 
future wind farm monitoring studies. 

Monitoring efforts related to the burgeoning OSW 
industry in North America are changing, with the 
focus shifting to non-extractive sampling designs to 
reduce impacts from the monitoring itself on fisheries 
resources. For instance, a bottom trawl survey that 
monitored potential BIWF effects on demersal fish 
and invertebrates collected over 750 000 individuals 
over a 7 yr period (Wilber et al. 2022). Alternative 
monitoring methods for potential wind farm effects 
on lobster include acoustic telemetry, which can be 
used to track habitat use within wind farms (Thatcher 
et al. 2023) and movements of ovigerous and non-
ovigerous females (e.g. Goldstein & Watson 2015, 
Skerritt et al. 2015, Carloni et al. 2021). There also is a 
growing concern about survey-related impacts on 
endangered/threatened species (e.g. right whales, 
sturgeons, sea turtles). It is important, therefore, to 
understand the strengths and weaknesses of the BIWF 
ventless trap study to leverage these results to en -
hance future monitoring efforts. 

Although a BACI design is a standard approach to 
examine potential effects of OSW farms (e.g. Linde-
boom et al. 2011, van Deurs et al. 2012, Degraer et al. 
2016, Buyse et al. 2022) and for BIWF, was generated 
by representatives from multiple agencies, the fishing 
industry, and academia, it can have several limitations 
(sensu Methratta 2020), some of which were realized 
in the present study. Among our lessons learned are: 

•Not all concerns about OSW impacts can be 
addressed with a single monitoring study. By asses-
sing potential BIWF impacts on the lobster fishing 
grounds, study results were confounded with a poten-
tial hyperstability response in a region where the lob-
ster population is declining. 

•Finding an appropriate reference area with com-
parable habitat to a wind farm site that is beyond the 
spatial influence of potential wind farm effects can be 
challenging, thus a before–after–gradient (BAG) 
design for studies that use stationary gear may be 
more appropriate. 

•The Near Field blocks were designed to measure 
effects adjacent to, but not within, the wind farm. 
With larger wind farm installations, a design that 
measures effects within a wind farm should be consid-
ered to address potential mechanisms of effects. 

•Because several of the potential mechanisms of 
effect, e.g. responses to noise, vibration, EMF, and 
changes to benthic habitat are related to proximity to 
the wind turbines, a BAG design that targets sampling 
close to and progressively distant from wind turbine 
foundations may prove more effective. 
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•Collaborating with commercial lobstermen to 
harvest the BIWF catch provided an opportunity to 
remain engaged with the fishing industry, while re -
taining a consistent sampling protocol over the 7 yr 
study period. 
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