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The south Atlantic coast supports one of the highest assemblages of non-breeding double-crested cormorants (Nannopterum auritum) known and is a convergence area for Atlantic menhaden (Brevoortia tyrannus) during the winter months. We surveyed cormorants along the coast of North Carolina and used a bioenergetics approach to estimate potential menhaden consumption. We estimated cormorant numbers using a network of repeatable aerial transects along the outer coast (366 km) and within sounds (266 km) during fall migration, winter and spring migration (2019-2021). We estimated the number of bird days, metabolic demand and menhaden equivalents of demand. Cormorant numbers peaked around 122,000 to 131,000 during southward migration, reached a low of 30,000 to 39,000 in winter and then increased to 67,000 to 68,000 during northward migration. We did not capture the peak of spring migration during the study period (20 November through 24 March). We estimated the number of cormorant days within the study period to be 8.6 x 106 and 9.2 x 106 for the two field seasons respectively. We estimated that cormorants consumed approximately 5,334 and 5,660 mt of menhaden equivalents within the study area. Estimated consumption peaked between 76 and 81 mt-d during fall passage and reached a low of 19 and 24 mt-d during the winter. Annual menhaden take by humans and predatory fish is around 354,000 mt. Menhaden consumption by cormorants within the study area represents 4% of the commercial and recreational take and 7% of the estimated consumption by predatory fish or 2.5% of the known take.
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1 Introduction

Double-crested cormorant (Nannopterum auritum) populations have experienced wide fluctuations over the past two hundred years (Hatch, 1995; Wires et al., 2001; Dorr et al., 2014). Populations declined in the post-World War II era due in part to ongoing control and reproductive suppression (Postupalsky, 1978; Gilbertson et al., 1991) induced by environmental contaminants (Weseloh et al., 1983; Pearce et al., 1989). Many populations reached lows by the late 1960s (Hatch and Weseloh, 1999). The species was added to the Migratory Bird Treaty Act in 1972, was considered a species of concern within several jurisdictions and appeared on the Audubon Society Blue List from 1972 to 1981 (Tate and Tate, 1982). Between 1975 and at least the 1990s many populations exhibited exponential growth (Wires et al., 2001), populations recolonized their historic ranges (Ludwig, 1984; Vermeer and Rankin, 1984; Hatch, 1995) and populations were established within areas believed to be beyond the historic range (e.g., Post and Post, 1988; McConaughy, 1996; Watts and Bradshaw, 1996). For some populations annual growth rates exceeded 20% suggesting rapid immigration (Weseloh and Ewins, 1994; Fowle, 1997).

The recent population recovery of double-crested cormorants has raised concerns about impacts to commercially important fish stocks. Within eastern North America much of the recent concern has focused on northern lakes where breeding cormorants have been suggested to compete with economically important recreational fishing industries (e.g., Ross and Johnson, 1995; Trapp et al., 1999; Fielder, 2008; Meyers et al., 2016) or within Gulf Coast states where wintering cormorants are estimated to cause millions of dollars in damage annually to the catfish aquaculture industry (e.g., Stickey and Andrews, 1989; Dorr et al., 2012; Craig et al., 2016). These concerns ultimately led the United States Fish and Wildlife Service [USFWS] to issue two depredation orders between 1998 and 2003 designed to reduce impacts on aquaculture and minimize risks to wild fish stocks (United States Fish and Wildlife Service [USFWS], 1998; United States Fish and Wildlife Service [USFWS], 2003). Under all USFWS authorities >730,000 cormorants have been killed (2004-2018) and several hundred thousand nests have been destroyed (United States Fish and Wildlife Service [USFWS], 2020).

Establishment of cormorant depredation orders by the USFWS created controversy within the avian conservation community (Wires and Cuthbert, 2006; Reed et al., 2014; Wires, 2015). The community questioned the scientific evidence that links cormorants to the population dynamics of sport fish and the effectiveness of culling as a mitigation strategy to reduce impacts on aquaculture. The community also called for the establishment of a science-based framework for triggering control measures and a monitoring program to evaluate effectiveness. A successful lawsuit halted the issuance of new permits on the grounds that the USFWS did not follow federal policy prior to establishing depredation orders. Following the lawsuit the USFWS issued an environmental impact statement (United States Fish and Wildlife Service [USFWS], 2020) and implemented a new Special Double-crested Cormorant permit (50 CFR §21.48), a more conservative approach to management.

The south Atlantic coast supports one of the largest assemblages of wintering cormorants known (Dorr et al., 2014). Breeding populations east of Lake Huron (accounting for 26% of North American population; Dorr et al., 2014) migrate east of the Appalachians and funnel down the Atlantic Flyway to winter in the Southeast. Many of these birds overwinter within the South Atlantic Bight (SAB; Cape Hatteras, NC south to Cape Canaveral, FL) where commercially important fish stocks also winter (Wenner and Sedberry, 1989). The Atlantic menhaden (Brevoortia tyrannus) is a forage fish found in western Atlantic waters from Nova Scotia to Florida and supports the largest commercial fishery by weight along the east coast of the United States (Ahrenholz, 1991; National Marine Fisheries Service [NMFS], 2019). Atlantic menhaden migrate to the SAB to spend the winter months (Nicholson, 1978, Southeast Data Assessment and Review [SEDAR], 2020). Very little is known about the role that migrating and wintering cormorants play within the SAB ecosystem or the potential impact they may have on menhaden stock.

Coastal North Carolina has been identified as an important fall staging area and winter destination for eastern cormorants (Wires et al., 2001; Dorr et al., 2014). This area is also known to be an important convergence area for Atlantic menhaden during the late fall and an early winter spawning site (Southeast Data Assessment and Review [SEDAR], 2020). We surveyed cormorants during fall migration, winter and spring migration (2019-2021) in order to estimate seasonal and cumulative fish demand. We estimate the number of bird days, metabolic demand and menhaden equivalents of demand along the outer coast and within the four major sounds in North Carolina.




2 Methods



2.1 Study area

The study area included the Atlantic Coast of North Carolina from the North Carolina/Virginia border south to Beaufort Inlet near Morehead City (Figure 1). The area includes 300 km of outer coastal beaches and a 1-km band seaward of the beaches. The area also includes open water behind barrier islands including Currituck (361 km2), Albemarle (854 km2), Pamlico (4103 km2), and Core Sounds (255 km2) to the mouths of their major tributaries.




Figure 1 | Map of the study area in coastal North Carolina and the network of aerial transects used to estimate numbers of double-crested cormorants during the fall, winter and spring (2019-2020, 2020, 2021).



The Western Atlantic Coast occurs on the “trailing edge” of North America away from the tectonically active plate margin. This configuration often leads to the formation of low and wide Coastal Plains that include lagoons protected by barrier islands (Inman and Nordstrom, 1971). The coast of North Carolina is composed of a network of barrier islands separated from the mainland by marsh or open lagoons. Waters are polyhaline (18-30 ppt) and microtidal (amplitude< 1 m) with two tide cyclesd but tidal fluctuations are often influenced by prevailing winds and moon phase.




2.2 Field methods

We estimated the number of double-crested cormorants using a network of repeatable aerial transects (Figure 1). The network covered the ocean out to the 3-mile (4.8-km) limit of commercial fishing and all four sounds. Ocean transects included all near-shore waters out to 1 km and three offshore transects (totaling 55.9 km) that followed the 3-mile contour. Sound transects included coverage of Currituck (2 transects totaling 26.4 km), Albemarle (4 transects totaling 78.4 km), Pamlico (4 transects totaling 131.7 km), and Core (2 transects totaling 29.9 km) Sounds. We conducted five survey flights during season one (20 November 2019 to 24 March 2020) and six survey flights during field season two (04 November 2020 to 21 April 2021). We expanded the second season from four months to five months in order to capture more of the migratory periods.

We surveyed the transect network using a Cessna 172 flying at an altitude of 61 m (200 ft) and a flight speed of 140 km/hr. We followed the outer beach from the Virginia/North Carolina border south to Beaufort Inlet, stopped for refueling in Beaufort and then flew the sound transects from Core Sound to Currituck Sound. For the purpose of aerial surveys and data analyses, we divided the near-shore ocean transect into 30, 10-km segments (Figure 1). All survey information recorded was associated with its respective segment. Sound transects were not subdivided. Transect flights took an average of 6.75 h to complete.

Transect surveys were a collaborative effort between two observers. The lead observer identified birds, recorded all birds detected, estimated the size of flocks encountered, and photographed a subset of flocks. The second observer used a GPS-enabled tablet computer to guide the plane’s position along transects and inform the lead observer of segment boundaries. Both flocks and individual birds were encountered during all surveys. Flocks were on the water surface, flying and loafing on the beach or sandbars. Flocks that were flying or on the water surface could be detected from multiple kilometers away due to the activity and splashing of birds on the water surface. We made a detour to overfly these flocks and estimate size before returning to the transect line. All flocks loafing on the beach could be readily detected from multiple km away and were estimated from the transect line.

Flocks encountered during transect surveys were estimated by the lead observer. Small flocks (<50) were enumerated entirely. Larger flocks were estimated using numerical scaling. We photographed a subset of flocks and used photographs to quantify estimation bias by comparing visual estimates to the actual number determined from photographs (N = 100). We overlaid a grid on photographs to facilitate enumeration of all birds within flocks <1,000 birds. We overlaid a grid on photographs of larger flocks and subsampled cells from throughout the flock to estimate a mean density and applied this mean to the number of occupied cells in order to estimate flock size. We evaluated the relationship between estimated and actual flock size by fitting a logistic regression (Figure 2). We found a systematic underestimate that increased with actual flock size. We derived an equation for the systematic underestimate (Adjustment = - 0.78 + (0.66*Log10(estimate)) and applied this equation to correct estimates of individuals within flocks.




Figure 2 | Plot of the percent undercount vs flock size. Percent undercount was the difference between the flock size estimated during aerials transect surveys and the actual size determined from photographs of flocks. The relationship was used to adjust flock estimates.



We assumed a 100% detection probability for roosting and foraging flocks along survey routes. We used double-observer techniques to estimate detection probabilities for birds that were not associated with flocks. We conducted paired independent surveys on the right side of the plane and recorded results for later comparison. Paired surveys were conducted for 20 seconds. We fit a multinomial-Poisson mixture model (Royle, 2004) to the data to estimate the detection probability for the lead observer using the multinomPois function within the ‘unmarked’ package (Fiske and Chandler, 2011) in program R (R Core Team, 2020).

We measured the distance from the transect line to a subsample of individual birds. We recorded altitude from the plane altimeter at the beginning of each transect segment. We used a TruePulse 360R laser rangefinder (Laser Technology) to estimate the declination angle from the plane to an individual bird. Altitude and declination angle were used to triangulate the distance of the bird from the transect line.




2.3 Analytical methods



2.3.1 Transect estimates

We handled flock and individual data separately to estimate bird numbers within each transect unit. Flock sizes were adjusted to account for the systematic undercount (see above). Distance sampling was used to estimate densities of birds detected that were not part of flocks. We first adjusted raw numbers by multiplying the reciprocal of detection bias (derived using double-observer techniques) for the lead observer. We applied the distribution of detection distances to the adjusted numbers. We used 200-m bins. After data adjustments, we fit hierarchical distance sampling models (Royle et al., 2004) using the distsamp function within the ‘unmarked’ package (Fiske and Chandler, 2011) in program R (R Core Team, 2020) for all transect segments and surveys. We examined model fit of hazard-rate, half-normal, exponential, and uniform detection distributions and chose hazard-rate. We included a sound parameter (Currituck, Albemarle, Pamlico, Core) for birds observed on sound transects and a segment parameter for birds observed along the near-shore transect. We then used our model results to generate densities of birds in each sound and near-shore segment. We combined flock and distance sampling datasets to estimate the total number of birds using each sound and near-shore transect segment for each survey period.




2.3.2 Fish demand

We used a bioenergetic approach to estimate daily and survey-wide fish demand by 1) estimating bird days and 2) estimating daily fish demand for an individual cormorant. We used the transect survey results to estimate bird days. We used total estimates from survey dates (N = 5 and 6 for field seasons 1 and 2 respectively) as population benchmarks and interpolated between these dates using a LOESS regression (Cleveland et al., 1992). We used the LOESS curve to estimate birds by day across the study period and summed these to generate total bird days for the time period. We estimated parameters for each field season using the first and last survey dates. In order to allow for comparisons between years (field season two was one month longer than field season one) we truncated the second season according to the duration of the first. We also stratified demand according to the geographic units surveyed.

We estimated the daily energy intake of a single cormorant using the field metabolic rate (FMR = basal metabolic rate + additional costs of living). We used the general seabird FMR regression from Ellis and Gabrielsen (2002) to estimate the daily energy expenditure as follows:

	

where M is the mass (g) of a cormorant.

We do not have a sample of cormorant masses from the study area. Cormorant mass varies with gender and latitude (Hatch and Weseloh, 1999). We used a sample of masses collected during the winter from Mississippi (Glahn et al., 1995) because these birds are expected to be from breeding areas representing similar latitudes as those within our study area. We used a midpoint of 2,050 g (minimum and maximum values were 1,861 and 2,442 respectively). This value produced a FMR estimate of 2,390 kj per cormorant-d.

We estimated fish demand by weight per cormorant per day by dividing FMR by the energy density (kj/g) of prey (menhaden). Our primary objective is to determine the maximum potential consumption of menhaden by cormorants within the study area or the upper bound of cormorant impact on the menhaden fishery. There have been no cormorant diet studies within the study area. However, timing and distribution of cormorant concentrations relative to known menhaden concentrations along with the fact that we regularly observed foraging flocks over schools of menhaden suggest that menhaden likely account for a significant portion of the fish demand. Foraging flocks regularly exceeded 10,000 individuals and we do not know of other species of schooling fish in the area that could support this activity.

The energy density of menhaden varies with developmental stage, season and latitude (e.g., Rippetoe, 1993; Lamb et al., 2017). Cormorants are gape-limited and although they have been documented to use fish that range from 3 to 40 cm in length, numerous diet studies (e.g., Campo et al., 1993; Glahn et al., 1995; Neuman et al., 1997) suggest that the largest portion of overall prey mass comes from fish around 7 to 15 cm. This size coincides with menhaden that are transitioning from age 0 to age 1 and is consistent with the dominant size class during the late fall to early spring within the SAB (Wenner and Sedberry, 1989). Energy density estimates for age 1 menhaden range from (4,038 to 8,717 j/g (Durbin and Durbin, 1981; Nelson et al., 2006). We used a midpoint between these estimates of 6,378 j/g. We used 0.779 as an estimate of digestive efficiency (Brugger, 1993). These values suggest a consumption rate of 481 g (outer range of values 351.8 - 759.8 g) of menhaden per cormorant-d or approximately 23.5% of body mass.






3 Results

A large number of double-crested cormorants used the study area between 20 November and 24 March during the field seasons of 2019-2020 and 2020-2021 (Figure 3). Seasonal patterns of occurrence were similar between years with the largest number of birds moving through the area from late November through mid-December, moving out and reaching a low from mid-January through mid-February and then moving back through from late-February through March. The spring passage extended beyond the survey window and the increase in birds in April of 2021 was a movement dominated (>80%) by juvenile-plumaged birds. Numbers peaked around 122,000 to 131,000 during southward migration, reached a low of 30,000 to 39,000 in winter and then a peak of 67,000 to 68,000 during northward migration (Figure 3). It appears that the peak in fall usage was missed during the first field season. We did not capture the spring peak within, the survey window. The extended spring survey during the second field season reached a high of 91,000 but it is not clear that this was a peak (Figure 3).




Figure 3 | Estimated number of cormorants within the study area from 04 November 2019 to 24 March 2020 and 04 November 2020 to 21 April 2021 as determined by aerial transect surveys. Dots are results of individual surveys. Curves were fit using LOESS regression.



We estimated the number of cormorant days within the study period to be 8.6 x 106 and 9.2 x 106 for the two seasons respectively (Table 1). Extension of the survey window earlier in the fall and later in the spring during the second field season resulted in an increase in cormorant days from 9.2 x 106 to 13.1 x 106 or 42.4%. We estimated that cormorants consumed approximately 5,334 and 5,660 mt of menhaden equivalents within the study area (Table 1). Extension of the survey window during the second field season increase estimated menhaden consumption from 5,660 to 8,060 mt. Estimated consumption peaked between 76 and 81 mt-d during fall passage and reached a low of 19 and 24 mt-d during the winter (Figure 4).


Table 1 | Summary statistics for estimated cormorant days and estimated menhaden consumption by weight during the period 20 November to 24 March (2019-2021). Values presented are mean estimates ± S.E.






Figure 4 | Estimated consumption (mt) of menhaden within the study area from 04 November 2019 to 24 March 2020 and 04 November 2020 to 21 April 2021. Estimates are based on the number of cormorants surveyed along aerial transects and the fish demand per cormorant per day. Dots are estimates based on individual surveys. Curves were fit using LOESS regression.



Cormorants were widespread throughout the study area but were most concentrated within the southern portion. Along the outer coast, cumulative cormorant density (bird days/km) south of Cape Hatteras was 6 to 3-fold higher than density north of Cape Hatteras for the two seasons respectively (Table 2). A similar pattern was documented for the northern (Currituck, Albemarle) and southern sounds (Pamlico, Core). Cumulative density of cormorant days for southern sounds ranged from 241.6 to 881.7 (bird days/km2) compared to 24.8 to 187.9 for northern sounds. Associated menhaden consumption was also concentrated within the southern portion of the study area (Table 2).


Table 2 | Distribution of cormorant days and estimated menhaden consumption during the period 20 November to 24 March (2019-2021). Values presented are means ± S.E.



Although cormorants were observed as scattered individuals the majority (>90%) were associated with foraging flocks. The size of foraging flocks ranged between 5 and 44,000 (median = 160) and was highly skewed to small flocks (Figure 5) with 86% (N = 542) falling below 2,000 individuals, 76% below 500, 43% below 100 and 30% below 50. Despite the fact that most flocks were smaller than 2,000 individuals, flocks above this size accounted for 82% of the individuals suggesting that most cormorants within the study area are concentrated within large flocks. Flocks containing >2,000 individuals were observed during all surveys with the number ranging from 4 to 11 large flocks. Large flocks were scattered within sounds but most were near inlets. Large foraging flocks along the outer coast were confined to the “swell zone” just seaward of the surf (breaking waves). Depending on the wind conditions the swell zone extended from 100 to 300 m offshore. Cormorant flocks were rarely observed beyond 500 m offshore and none were detected along offshore transects. The typical configuration was a large foraging flock within the swell zone and a flock of loafing birds on the adjacent beach with birds moving back and forth between the two areas.




Figure 5 | Frequency distribution of the size of foraging cormorant flocks (N = 542) observed within the North Carolina study area from 04 November 2019 to 24 March 2020 and 04 November 2020 to 21 April 2021. Foraging flocks were encountered and estimated during aerial transect surveys.






4 Discussion

Coastal North Carolina represents a relatively large convergence area for eastern double-crested cormorants during the nonbreeding season. The largest use was from mid-November through mid-December when birds use the study area near the end of their post-breeding migration. The majority of these birds continue moving south with a smaller number actually spending the winter. Birds move back through the area in early spring. We do not have estimates of mean stopover duration for either fall or spring so we are unable to estimate the total number of individuals that use the study area. An estimate from the late 1990s of the breeding population east of Lake Huron (believed to use the Atlantic Flyway) is 135,000 pairs (Wires et al., 2001). Given the reproductive rate, age to first reproduction and survival rates, this breeding population would be expected to represent several hundred thousand individuals during the post-breeding period. A more recent estimate of the Atlantic Flyway population is 254,000 to 294,000 individuals (United States Fish and Wildlife Service [USFWS], 2020). This range of values was derived as minimum pre-breeding estimates to be used in potential biological removal modeling. The estimates were derived from 1) using surveys of nesting pairs and a multiplier to account for local nonbreeders and 2) using a projection matrix and solving for the size of different age classes assuming a stable age distribution. Both estimates are pre-breeding minimums (consistent with objective) that do not consider nonbreeding adults, juveniles that do not return to breeding areas or young produced during the breeding season. As with the previous estimate, these estimates likely represent several hundred thousand individuals during the post-breeding period. The estimates derived here suggest that a significant portion of the Atlantic Flyway population uses the study area at least during fall migration.

North Carolina is the gateway to the fisheries of the SAB. Trawl surveys in near-shore waters throughout the region have identified dozens of fish species but three including spot (Leiostomus xanthurus), Atlantic croaker (Micropoponias undulatus) and Atlantic menhaden are dominant in terms of both numbers and biomass (Wenner and Sedberry, 1989). Size distribution for all three of these species within the region is consistent with preferred prey size for cormorants. The species differ in seasonality and center of abundance within the SAB. The importance of spot was highest in the spring and lowest in the fall and the center of abundance during the winter was off the coast of Georgia. The importance of croaker was highest in summer and early fall and lowest during winter and spring with a center of abundance during winter that was south of Savannah, GA. Atlantic menhaden was the dominant fish in trawls during winter with lower numbers in spring and fall and did not rank in the top 25 species during summer.

The seasonality of cormorant movement is consistent with that of Atlantic Menhaden. The majority of menhaden from the Northeast migrate south to the Carolinas arriving in October for spawning from December through February (Roithmayr, 1963, Nicholson, 1978, Southeast Data Assessment and Review [SEDAR], 2020. Similarly, menhaden exit the Chesapeake Bay in October and re-enter in March (Dalyander and Cerco, 2010). The center of abundance for menhaden catches during the fall extends from Cape Hatteras, NC south to Charleston, SC (Wenner and Sedberry, 1989). By January, the center of abundance has moved south with the highest catches from Charleston, SC to southern Georgia with continued high catches just south of Cape Fear. Large catches within the southern areas are dominated by age 0 fish. Most cormorants depart from northern breeding areas by mid-September (Hatch and Weseloh, 1999; Dorr et al., 2012) with peak passage through New England completed by mid-October (Nisbet and Baird, 1959). Cormorant numbers begin to build within the study area in October reaching a peak in late November through early December. Birds appear to stage within the study area with menhaden concentrations during the late fall and then follow these fish south. Compared to the fall peak, 25-30% of cormorants spend the winter months within the study area. Menhaden begin to migrate north in March. Cormorants begin to migrate north during March and arrive on northern breeding grounds by mid-April (Hatch and Weseloh, 1999; Dorr et al., 2012). Spring migration is much more rapid compared to fall such that cormorants may bypass the study area or stopover for shorter periods during the spring. First-year birds migrate and arrive on breeding grounds approximately one month later than adults (Dolbeer, 1991). Surveys of communal roosts within the study area (not presented here) indicate that >80% of birds after March are juveniles.

As configured here overall fish consumption is sensitive to the consumption rate per cormorant and the number of cormorant days. The consumption rate of 481 g-d (based on the energy density of menhaden) or 23.5% of body mass is consistent with other values reported for double-crested cormorants. Glahn and Brugger (1995) estimated that cormorants wintering along the Mississippi Delta consumed 451 to 537 g of catfish/day or 21 to 24% of body mass. Fowle (1997) estimated that cormorants breeding on Lake Champlain consumed 412 to 526 g of fish or 18 to 24% of body mass. Goktepe et al. (2012) using two bioenergetics models estimated that cormorants nesting on Leech Lake in Minnesota consumed 523 to 790 g-d or 26 to 33% of body mass during one year and 358 to 541 g-d or 18 to 22% of body mass during a second year. Hebert and Morrison (2003) estimated that cormorants consumed 320 g-d or 17% of their body mass on Lake Erie.

Our late fall through early spring field seasons did not capture all of the cormorant days within the study area. The initial objective of surveys was to estimate the number of cormorants spending the winter within the study area. Following the first field season it was clear that the larger use and associated fish demand was concentrated within fall and spring migrations. Extension of the seasonal coverage earlier in the fall and later in the spring during the second field season increased estimated bird days by 42% but still did not capture the end of spring movements. Of much greater significance to the fisheries of the SAB and how cormorants fit within this ecosystem is the fish demand of cormorants that continue south from the study area. A minimum estimate of these birds based on the surveys within the study area alone would be 150,000. These birds spend 2.5 months south of the study area equating to 11.3 x 106 bird days or nearly 7,000 mt of menhaden equivalents. It remains unclear what portion of cormorants using the Atlantic Flyway settle in winter areas within inland lakes and rivers or along the coast within the SAB. Further work is needed on both distribution and diet to better understand how cormorants fit within the coastal fisheries of the south Atlantic.

The role of cormorants in the Atlantic menhaden fishery has never been assessed. Atlantic menhaden are regulated by the Atlantic States Marine Fisheries Commission (ASMFC) that monitors major sources of mortality to inform harvest policy (Southeast Data Assessment and Review [SEDAR], 2015). Harvest policy has evolved in recent decades from no management to maximum-sustained-yield to the development of models designed to evaluate the tradeoffs between commercial take and ecosystem services (Anstead et al., 2021). Average annual removal of Atlantic menhaden has been around 350,000 mt in recent years including commercial and recreational take by humans (reduction fishery; 180,000 mt, bait industry; 42,000 and recreational landings; 2,700 mt for 2013-2017) and estimated consumption by predatory fish (130,000 mt for 1998-2012) (Southeast Data Assessment and Review [SEDAR], 2020). We estimate that cormorants within the study area consumed below 9,000 mt (second season extended estimate 8,060 mt) of menhaden equivalents during the late fall through early spring period. This level of consumption represents 4% of the human take, 7% of the consumption by predatory fish or 2.5% of the known take (estimated for the entire Atlantic Coast stock). Even if we assume that pass through cormorants remain within the SAB and focus on menhaden, consumption is unlikely to exceed 20,000 mt-y or<6% of the known take. Double-crested cormorants appear to be a minor consumer within the broader web of consumers (including commercial industry) that depend on menhaden. However, it should be noted that biomass consumed is not always the best indicator of potential impact to fisheries. Cormorants have been shown to focus consumption on specific size/age classes and this biased predation may result in demographic bottlenecks leading to reduced recruitment that may become a limiting factor for some populations (e.g., Burnett et al., 2002; Lantry et al., 2002).

Throughout this treatment we have assumed that most of the fish demand from cormorants within the study area is focused on Atlantic menhaden. However, the evidence for this assumption is circumstantial. Although both cormorants and menhaden converge on the study area in late fall and menhaden are a likely focus of foraging cormorants, a detailed diet study is required to stratify fish demand according to species. A more complete exploration of cormorant-menhaden interactions would require that both population estimates and diet work be expanded to the larger SAB region.




5 Conclusions

Large numbers of double-crested cormorants use coastal North Carolina primarily during fall and spring migrations. The area appears to service a significant portion of the estimated eastern breeding population. Cormorants reached their highest concentrations within Pamlico and Core Sounds and along the outer coast south of Cape Hatteras. The collective annual use of the area is on the order of 9 x 106 cormorant days with an associated metabolic demand of less than 9,000 mt of menhaden equivalents. The pass-through nature of the seasonal pattern suggests that cormorants may come to the area while menhaden are resident and follow them south into the SAB. The level of consumption of menhaden by cormorants within the study area is minor when compared with other sources of known menhaden take along the entire Atlantic Coast. However, this finding does not mean that cormorants are not driving local depletion within some areas. Additional work focused on the SAB during the winter months would provide a more complete assessment of the relationship between cormorant consumption and the menhaden population.
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