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Synopsis  Illegal introductions in North America have helped establish populations of Northern Snakehead (Channa ar-
gus), an invasive freshwater fish from Asia. Once targeted for eradication, widespread establishment of populations in the
Chesapeake Bay watershed has now led management to prioritize mitigation. One method of mitigation has been harvest-
ing via bowfishing. We measured the influence of bowfishing in the snakehead fishery between 2022 and 2024. Ten charter
boat captains who operated bowfishing trips across 17 rivers in 2024 provided 556 trip reports for snakehead trips (March
to November) that represented an average of four bowfishing clients (range = 1 client to 12 clients) who fished an average
of 4.8 hours (standard error = 0.05) per evening trip (high ebb to slightly beyond low tide). Harvest ranged between O fish
and 32 fish per river-trip, with an average median of 10 fish (standard error = 2.7). Harvest was greatest in spring and fall
(3.5°C < air temperature < 17°C) and full or new moons. Bowfishing and gigging accounted for the majority of annual
fishing mortality, which was 19.1% in 2023 and 20.0% in 2024. This was lower than the target of 25% to achieve population
declines. Our results highlight both the value of bowfishing and the need to encourage bowfishing as means of harvesting

snakeheads in ecosystems.

Introduction

Northern Snakehead (Channa argus) is an invasive,
freshwater species that has been introduced into North
America from Asia (Courtenay and Williams 2004).
Northern Snakehead consumes numerous types of prey
(Saylor et al. 2012) and could cause declines in species
diversity (Newhard et al. 2024) depending in part on the
population’s biomass (Love and Newhard 2021). Fol-
lowing their discovery in the Potomac River in 2004
(Odenkirk and Owens 2007), the species is found in ev-
ery major river drainage of the Chesapeake Bay (Love
and Newhard 2018). The species occurs in freshwa-
ter and oligohaline habitats that include wetlands and
swamps, tidal freshwater rivers, lakes, and high-order
streams. To help lower biomass in these ecosystems,
outreach and incentives have been used to increase in-
formed participation in the harvest fishery in Mary-
land (Love and Genovese 2018). Agency-led harvest
may not be sufficient for reducing biomass of invasive
fish (Zelasko et al. 2016). Recreational and commer-
cial harvest has been increasingly encouraged to lessen
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biomass and consequently, mitigate impacts from in-
vasive fishes (Pasko and Goldberg 2014; Newhard et
al. 2019). Harvest has periodically reduced the abun-
dance of Northern Snakehead in streams of the Po-
tomac River (Odenkirk and Isel 2016; Newhard et al.
2019). Even so, harvest levels within a fishery may
be difficult to maintain over time when fish become
harder to capture and effort wanes. Monetary incen-
tive programs have been used to encourage the pub-
lic to remove select invasive species. Incentives sup-
porting fishing derbies and contracts for commercial
harvest of invasive fishes have helped control biomass
of Red Lionfish Pterois volitans in the southwest At-
lantic Ocean (Hoag 2014; Smith et al. 2023), Silver
Carp Hypophthalmichthys molitrix and Bighead Carp H.
nobilis in the Midwest (Altenritter et al. 2022), and
Northern Pikeminnow Ptychocheilus oregonensis in the
western United States (Friesen and Ward 1999). Here,
we used incentive-based projects to lower biomass of
Northern Snakehead and to obtain fishery-dependent
data.
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Beginning in spring 2022, the Maryland Fish and
Wildlife Conservation Office (MDFWCO) and the
Maryland Department of Natural Resources (MDNR)
began new initiatives to incentivize harvest of Northern
Snakehead in the Chesapeake Bay watershed. A com-
mercial market currently incentivizes harvest, but anec-
dotal data indicated that un-incentivized recreational
bowfishing eclipsed those harvest efforts. Beginning
in 2010 bowfishing tournaments began to focus effort
on harvesting snakehead and since then, bowfishing
for snakeheads has become more widespread in Mary-
land. Bowfishing has been popular worldwide for cen-
turies and is growing in popularity in the United States
(Scarnecchia and Schooley 2020). Commonly targeted
fishes during bowfishing include ones of management
and conservation interest, such as Alligator Gar Atrac-
tosteus spatula (Bennett et al. 2015), other gar species
(Lepisosteus spp.), and suckers (F. Catostomidae), specif-
ically buffalo Ictiobus spp. and redhorse Moxostoma spp.
(Quinn 2010). As Northern Snakehead spread and be-
came abundant in tidally influenced freshwater rivers
of Maryland’s Chesapeake Bay, bowfishers targeted the
species because of its large size (up to 9.5 kg; unpub-
lished data, MDNR), its vulnerability in occupied shal-
low shorelines and vegetation (Lapointe et al. 2010; Love
et al. 2015), its distinctive coloration, and its unlimited
take by size or creel in the watershed. While annual
fishing mortality can be attributed to agency, commer-
cial, and recreational biomass reduction efforts, the rela-
tive impact owed to bowfishing had not been measured
owed to poor monitoring of that aspect of the fishery.
Because of the small fraction of bowfishers relative to
hook-and-line anglers, documenting the relative contri-
butions of each aspect in the fishery to harvest can be
important for future mitigation strategies.

Our work supported actions to incentivize and doc-
ument harvest identified in national (SPDC 2014), re-
gional (CBNSWG 2023), and state management plans
(MDNR 2016). We achieved two primary objectives:
1) to measure and document environmental and ef-
fort conditions during bowfishing harvest of North-
ern Snakehead; and 2) to measure the relative contri-
bution of bowfishing to the annual harvest of Northern
Snakehead. We examined environmental and effort con-
ditions during bowfishing to determine if they should
be considered covariates to harvest in mitigation strate-
gies and to identify optimal conditions for harvesting
Northern Snakehead. Our ancillary objectives included
examination of the efficacy of a diary survey and gen-
erating tag reporting rates for bowfishing and hook-
and-line fishing in the upper Chesapeake Bay. Achiev-
ing these objectives was critically important for the up-
per Chesapeake Bay where outreach and incentives have
been less focused because of its more recent discov-
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ery in 2015. The upper Chesapeake Bay also serves as
a gateway to other states via the Susquehanna River
and the Chesapeake-Delaware Canal. Therefore, the im-
portance of the work extended to prevention efforts
in Delaware, Pennsylvania, New Jersey, and New York.
Additionally, Northern Snakehead has also been intro-
duced into Mississippi River basin, where bowfishing
may help control biomass, but is understudied relative
to angling in North America.

Methods
Charter boat diary-procedure

We chartered two charter boat captains between
April and July (2023) to conduct 29 bowfishing trips
($1,300/trip) that targeted Northern Snakehead on Po-
tomac River (n = 14), Gunpowder River (n = 11), and
Susquehanna River (n = 4). In 2024, we chartered cap-
tains for an additional seven boat trips on Susque-
hanna River (n = 4) and Nanticoke River (n = 3). The
price for these chartered trips was similar to market
price for a client-chartered bowfishing trip. During each
chartered trip, we recorded the number and size of
Northern Snakehead harvested with bowfishing. Cap-
tains brought expert shooters but also trained the partic-
ipating staff in bowfishing. We collected additional de-
tails regarding weather, tidal stage, start and end time,
water visibility, and the number of shooters. These data
were collected to compare with trip reports by captains
as part of an unstaffed diary project.

We paid 10 captains ($1,800/book) to record data in
diary logbooks during unstaffed chartered bowfishing
trips that targeted various freshwater fishes in multiple
tidal freshwater rivers of the Chesapeake Bay watershed
(Fig. 1). From these logbooks, we received a total of 599
reports between March and November (2024) to charac-
terize the bowfishing fishery for Northern Snakehead.
However, all species of harvested fish were tallied and
reported. Reports were obtained from 17 tidal freshwa-
ter rivers within Chesapeake Bay watershed: Bohemia
River (n = 13), Bush River (n = 23), Chester River
(n = 1), Choptank River (n = 5), Elk River (n = 7),
Gunpowder River (n = 8), Middle River (n = 4), Nan-
ticoke River (n = 31), Patuxent River (n = 8), Potomac
River (n = 354), Rappahannock River (n = 45), Sas-
safras River (n = 1), Smith Creek (n = 1), South River
(n = 1), Susquehanna River (n = 49), Wicomico River
(n = 1), and Wye Mills River (n = 6). We excluded
40 trips conducted in mesohaline habitats (i.e., East-
ern Bay) because those purposely targeted Cownose Ray
Rhinoptera bonasus. We also excluded one trip from an
unspecified waterbody. Two additional trips in Potomac
River and Nanticoke River were excluded because they
were scouting trips. Therefore, we analyzed 556 trip
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Fig. 1 Map of Chesapeake Bay watershed and river drainages where bowfishing had been reported by charter boat captains in 2024.

reports. Charter captains reported the number of each
fish species harvested during each night, along with the
number of shooters, the start and end times of the trip,
and helpful notes regarding the fishing trip (e.g., “all
trophy cats,” “4 NSH seen. . .horrible choppy river,” or
“poor shooters.”). On occasion, captains reported cli-
matic conditions (wind speed and direction, air temper-
ature) and time of low tide.

Charter boat diary-analysis

For staffed and unstaffed charter trips, we determined
the total number of harvested fish per trip. We did
not estimate harvest per shooter-hour because hunt-
ing is cooperative during a trip, the number harvested
per shooter was not known, and shooters could not
be treated analytically as independent observations. We
calculated the median harvest per trip across trips for
all staffed and unstaffed charter trips taken on each of
the Potomac River, Gunpowder River, Nanticoke River,
and Susquehanna River. These reasonably isolated fish-
eries represented both the western and eastern shores

of the Chesapeake Bay, and the upper Chesapeake Bay
(Fig. 1). In addition to the medians, we computed 25t
and 75" percentiles for the unstaffed chartered trips per
river system. When we observed that the median for
the staffed charter trip fell outside of the percentiles for
the unstaffed charter trips, then we concluded harvest
meaningfully differed between staffed and unstaffed
trips. We determined if such differences occurred be-
cause of under-reporting owed to fear that regulatory
agencies might impose harvest restrictions.

We also examined the relationship between bowfish-
ing harvest and fishing conditions to identify condi-
tions associated with high and poor harvest. The predic-
tor variables describing fishing conditions in our analy-
sis included available data: 1) the number of shooters;
2) the time spent bowfishing; 3) average wind veloc-
ity (m/s); 4) total precipitation (mm); 5) lunar phase (%);
and 6) air temperature (average). For consistency in re-
porting, we utilized only data reported during the di-
ary program for unstaffed bowfishing trips. The time
spent bowfishing and the number of shooters were re-
ported by captains participating in the charter boat



diary survey. Though captains occasionally reported
measurements for climatic variables, to produce a
robust dataset of climatic observations, we exclu-
sively used data downloaded from RAWS USA Cli-
mate Archive (Western Regional Climate Center, Desert
Research Institute; Reno, Nevada) for Patuxent River
(Chesapeake Bay watershed). The data included: daily
wind velocity, total precipitation, and air temperature.
Data for lunar phase for each bowfishing day was
downloaded from the Scientific Visualization Studio of
NASA (https://svs.gsfc.nasa.gov/). Most climatic vari-
ables likely differed across specific fishing sites and dur-
ing fishing, potentially causing problems with accurate,
fine-scale predictions; and therefore, we limited our in-
terpretation to general patterns rather than precise nu-
merical thresholds.

Bowfishing harvest per trip (dependent variable) was
related to predictor variables using rpart and rpart.plot
in R (Breiman et al. 1984; Therneau and Atkinson
1997).We subjected data to classification and regression
tree methods that compartmentalized variance in the
dependent variable by subdividing data into two groups
at a decision node, and so on until forming termi-
nal nodes (or leaves). Subdivision reached a maximum
threshold of complexity that minimized model error or
mean square error (MSE). Because the dependent and
predictor variables were continuous variables, we used
a regression tree that subdivided data at nodes, which
were defined by a quantitative predictor condition. The
predictor condition defined the split at the node as ei-
ther greater or less than the value of the predictor. We
divided predictors into either primary if defining the
first node of the branching tree, or secondary if further
subdividing the data. A variable’s importance (or G) in
subdividing the dataset was determined as the sum of
the goodness of the split in the primary node and the
goodness for all subsequent splits in which it was surro-
gate (Therneau and Atkinson 1997). Values for G were
scaled as a percentage and the greatest percentage re-
flected the greatest importance. The resulting tree was
assessed for overcomplexity and consistency.

We assessed overcomplexity of branching in the re-
gression tree by comparing its structure with a pruned
tree that had less complexity. The size and complexity of
the tree was controlled by a complexity parameter (cp)
with an aim to split the tree just enough to minimize the
reduction in MSE. We split the tree until the cp was min-
imized to 0.008, which allowed for a complex tree that
had multiple splits. However, cp was allowed to vary in
model development so that the best cp could be evalu-
ated in order to prune the tree. For the best cp, the MSE
of the pruned true was compared with the original tree
and the tree with the lowest MSE was chosen to repre-
sent the relationships in the dataset.
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We assessed the ability of the dataset to produce con-
sistent splits by subsampling the data and creating train-
ing and testing datasets. Because missing values in the
dataset, as well as anomalous observations, can affect the
structure and complexity of the tree, we tested the re-
peatability of the tree by randomly subsampling 70% of
the observations (n = 390) and designating them as the
training dataset. We also randomly subsampled 100 ob-
servations from the remaining 30% of the dataset to cre-
ate atraining dataset. Twenty training datasets were cre-
ated using this procedure to generate a forest. We com-
pared the structure of the tree derived from the train-
ing dataset against trees in the forest. For each tree in
the forest, we tallied the predictor type of the primary
node and secondary nodes. We determined the great-
est proportions of predictor types for primary and sec-
ondary nodes and hypothesized no difference between
those identified when using testing datasets from those
derived using the training dataset.

Survey and tagging-procedures

We used an incentivized mark-recapture project to as-
sess the relative contributions of harvest by bowfish-
ing and other sources of fishing mortality for North-
ern Snakehead. These other sources of fishing mortal-
ity could include harvest by agencies, hook-and-line,
gigs, and commercial harvesters. Because gigs or prongs
are often used to impale fish similar to bows in bow-
fishing, we combined harvest with gigs with the har-
vest from bowfishers. To tag fish we collected Northern
Snakehead using directed boat electrofishing (Smith-
Root, Inc. GPP 9.0 or Apex Generator; 30-60 pps; 100-
640 Volts) between May and November in 2022 (April—-
October) and 2023 (February—December) in tidal fresh-
water of Gunpowder River, Middle River, Bush River,
lower Susquehanna River, Swan Creek and Furnace Bay,
Northeast River, Elk River and Sassafras River (Fig. 1).
Fish were removed from the water and immersed in
a live well where they recovered from electrotaxis be-
fore being measured, tagged, and released. We tagged
all snakeheads greater than 250 mm. Tagging needles
directed Floy tags (Floy FD-94 Anchor Tags, 16 mm,
mono extra-long T) into the dorsum and below the dor-
sal fin to set the tag between the pterygiophores of the
fin. Of all 925 tagged fish between 2022 and 2023, 30%
of them had high reward tags (i.e., “$200 reward”) and
the rest with standard or low reward (“$10.00 reward”).
All tag reporters were required to submit a photo of
the harvested fish and the tag as verification before a
check was issued. All reporters also received outreach
to support the harvest of Northern Snakehead, includ-
ing a hat and certificate with information about their
fish.


https://svs.gsfc.nasa.gov/

Harvest of snakehead with bowfishing

Survey and tagging-analysis
We computed the standard tag reporting rate (1) as:
RN,
A= ,
R.N;

)

where Ry is the number of standard tags returned, N
is the number of standard tags released, R; is the num-
ber of high reward tags released, and N, is the num-
ber of high reward tags released (Pollock et al. 2001).
We assumed that $200 was sufficient incentive for har-
vesting Northern Snakehead and achieving 100% re-
porting because studies indicate such a high level of re-
ward effectively works (Taylor et al. 2006; Meyer et al.
2012). If high-reward reporting does not equal 100%,
then estimates of fishing mortality may be negatively
biased. We also assumed no tag loss during this time
period because previous work had demonstrated high
tag retention (Amilhat and Lorenzen 2005) and conse-
quently, has not been included when estimating popu-
lation sizes of Northern Snakehead using tag reporting
(Odenkirk and Isel 2016; Newhard et al. 2019). Most fish
were reported and verifiably harvested. We excluded
four tagged and reported snakeheads from our analysis
because they were released alive.

Depending on the number of harvested tags and X, we
computed the proportion of harvested fish, or annual
fishing mortality (i) for specific years of interest (i). An-
nual fishing mortality was a proportion of the number
of harvested tags (t) in year (i) to the number of available
tags in the population (T) corrected for reporting rate:

£

= Txn @

Mi

Annual fishing mortality was calculated for report-
ing years of 2023 (t2023) or 2024 (i42024). Because both
tagging and harvest occurred throughout the tagging
years of 2022 and 2023, we needed to reduce the num-
ber of tagged fish by the number of harvested fish during
the tagging years, resulting in the number of available
tagged fish for the start of the reporting year. We used
the pool of 2022-tagged fish that were available (i.e., un-
harvested) at the beginning of the reporting year, 2023.
For the reporting year of 2024, we obtained three es-
timates of w depending on how we structured the tag-
ging year sample pool: (1) tagging year of 2022 and avail-
able fish for the beginning of 2024; (2) tagging year of
2023 and available fish for the beginning of 2024; and
(3) tagging years of 2022 and 2023 and available fish for
the beginning of 2024. We computed p for 2024 from
three tagging pools because estimates of i could be in-
fluenced if assumptions noted above (e.g., tag loss, tag
reporting) were violated. Given our rationale above re-
garding tag loss and tag reporting bias, we predicted that
variation in ;t among these three calculations would not

be biologically meaningful. We were unable to calculate
1 within a year because tagging occurred throughout
the year and the length of time tagged fish were available
for harvest within a year differed; instead, we decided
to examine the data between tagging years and report-
ing years, assuming that all available tagged fish at the
beginning of a reporting year would be available to har-
vest for a full year.

We computed p for each mode of harvest (h), which
included bowfishing, gigs, and hook-and-line fishing,
depending on the number of harvested tags by mode
(tp) in year (i) and a reporting rate calculated for the
mode of harvest (1;). Therefore, to calculate ; we mod-
ified equations [1] and [2] to calculate p for a specific
year of interest and mode of harvest as:

tin

= T ) ®

Min

We summed f¢;, across modes of harvest to report u;

for a year of interest (i.e., 2023 or 2024). The percentage

of pu; ascribed to h was calculated by dividing 1, by u;
and multiplying by 100.

Results
Charter boat diary

Ten charter boat captains who operated unstaffed bow-
fishing trips in 2024 from 17 major tidal freshwater
rivers in Chesapeake Bay watershed (Fig. 1) provided
556 trip reports (March to November) that represented
an average of four bowfishing clients (range = 1 client
to 12 clients) who fished an average of 4.8 hours (stan-
dard error = 0.05) per evening trip (high ebb to slightly
beyond low tide). People reportedly harvested 4,056
snakeheads and an average median across major river
systems of 10 snakeheads per trip (standard error = 2.7)
(Table 1). Harvest did not vary with the number of peo-
ple but was greater for trips longer than 5 hours (Fig. 2).

Staffed charter boat trips resulted in harvesting
425 adults that differed in size among rivers (total
length, F3y419 = 1004, P < 00001, mass, F3y419 = 1373,
P < 0.0001). Average sizes of snakeheads from Gunpow-
der River (total length = 599 mm, standard error = 8;
mass = 2.2 kg, standard error = 0.1) and Potomac
River (total length = 601 mm, standard error = 14;
mass = 2.1, standard error = 0.1) were less than for
Nanticoke River (total length = 660 mm, SE = 27;
mass = 2.8 kg, standard error = 0.3) or upper Chesa-
peake Bay (total length = 667 mm, SE 10; mass = 3.2 kg,
standard error = 0.1). Averaging across rivers, snake-
heads globally averaged a total length of 632 mm and a
mass of 2.6 kg.

The average median number of snakeheads harvested
during staffed charter boat trips ranged between 2
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Table 1 Staffed and unstaffed bowfishing trips harvesting Northern Snakehead C. argus from rivers of the Chesapeake Bay watershed

(United States) in 2023 and 2024.

Trip River Nu. of trips Total harvest Median harvest
Staffed Potomac 14 60 2
Staffed Gunpowder n 204 17
Staffed Susquehanna 145 16
Staffed Nanticoke 16 5
Average 9 106 10
Unstaffed Potomac 354 1664 1
Unstaffed Gunpowder 8 132 17
Unstaffed Susquehanna 49 340 3
Unstaffed Nanticoke 31 328

Unstaffed Bohemia 13 168 1
Unstaffed Bush 23 320 1
Unstaffed Chester 1 (o] (o]
Unstaffed Choptank 5 0] 0
Unstaffed Elk 7 208 19
Unstaffed Middle 4 17 32
Unstaffed Patuxent 8 34 1
Unstaffed Rappahannock 45 582 9
Unstaffed Sassafras 1 13 13
Unstaffed Smith Creek 1 (o] (o]
Unstaffed South 1 42 42
Unstaffed Wicomico 1 5 5
Unstaffed Wye Mills 6 65 12
Unstaffed Unspecified 1 4 4
Average 31 223 10

snakeheads per trip (Potomac River) to 17 snakeheads
per trip (Gunpowder River) (Table 1). Average medi-
ans did not differ from those reported during the un-
staffed charter trips for the same rivers, Potomac River
(median = 1; percentiles: 0, 7), Gunpowder River (me-
dian = 17; percentiles 7, 22), or Nanticoke River (me-
dian = 8; percentiles: 5, 11) (Table 1). The average me-
dian harvest per staffed charter trip for Susquehanna
River (median = 16); however, was greater than that for
unstaffed charter trips (median = 3; percentiles: 0, 10).
Therefore, for most river fisheries, the average median
harvest per unstaffed charter trip was similar to the av-
erage median harvest per staffed charter trip.

Average harvest was predicted by six environmental
variables during chartered trips (Fig. 3). The full dataset
yielded 15 splits based on these environmental variables
(MSE = 83.8; cp = 0.008). Time spent bowfishing de-
fined the primary node. When the time spent bowfish-
ing was above 5.4 hours, average harvest was greater
(Fig. 3), particularly when the number of shooters ex-
ceeded five; but these conditions did not frequently oc-
cur among trips (see Fig. 2); neither time nor the num-
ber of shooters caused many splits within the regression

tree (G = 18% and 8%, respectively). Secondary splits
for daily air temperature (G = 20%) and total precip-
itation (G = 16%) tended to importantly direct trends
in bowfishing harvest. Bowfishing harvest was at least
double (on average) when air temperatures were lower
than 17°C (i.e., spring and fall) and during days with low
precipitation less than 11.1 cm. During these days of low
precipitation, average harvest was moderately less dur-
ing nights with light winds (wind velocity < 2.2 kph)
and summer (wind velocity < 1.3 kph) (Fig. 3). Similar
to precipitation, wind velocity accounted for a moderate
level of splitting in the regression tree (G = 15%). When
air temperature was lower than 17°C, average harvest
doubled around full moons (lunar phase > 0.97) and
new moons (lunar phase < 0.05), which are periods of
spring tides. This pattern was not as well-identified dur-
ing summer when air temperature exceeded 17°C, but
average harvest during trips with precipitation less than
1 cm tended to have the greatest average harvest around
new moons (1.5% <lunar phase < 8.5%).

While assessing the complexity of the regression tree,
we observed that the best pruned tree yielded two splits
and two variables, which were time spent bowfishing
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(primary node) and air temperature (secondary node).
However, based on its lesser ability to resolve patterns in
the data (MSE = 101.5; cp = 0.023), the pruned tree was
not considered a better tree. We also assessed the ability
of our dataset to produce consistent results. The train-
ing model tree with 12 splits (MSE = 125.6; cp = 0.008)
had three variables with the greatest influence: air tem-
perature (G = 31%), wind velocity (G = 24%), and lu-
nar phase (G = 15%). Additional variance in harvest
was owed to the number of shooters (G = 12%), time

(G = 11%), and precipitation (G = 6%). Across the 20
forest trees, air temperature (10 trees) and lunar phase
(9 trees) commonly resolved as primary and secondary
nodes, respectively. Time was also identified in the for-
est as an important secondary node, but for just one
tree. Because primary and secondary nodes in the for-
est matched those of the training model, we concluded
that our dataset was robust to observational error and
that the unpruned tree reflected a robust representation
of the dataset.
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Survey and tagging

We received 149 reported tags of the 657 tagged snake-
heads across the survey period between 2022 and 2024.
Of these, 67 were high-reward tags and 82 were stan-
dard tags. The vast majority of reported snakeheads
had been harvested. However, four snakeheads with
standard award tags were released alive by hook-and-
line anglers, two of which had been caught by an-
glers targeting either Black Crappie (Pomoxis nigromac-
ulatus) or Largemouth Bass (Micropterus nigricans) in
Gunpowder River; the remaining two had been caught
by anglers targeting Northern Snakehead in Gunpow-
der River and upper Chesapeake Bay. The majority
of tags had been reported from Gunpowder River
(n = 66) and evenly reported between Sassafras River
(n = 28) and upper Chesapeake Bay (including North-

east River and Susquehanna River, n = 26); the fewest
came from Elk River (n = 16), Bush River (n = 12),
and Middle River (n = 1). Most fish (91%) were re-
portedly caught within the drainage that they were
tagged, with 13 fish caught in a neighboring drainage
and 1 fish caught in the neighboring Delaware Bay
watershed.

Recreational bowfishers reported the harvest of 80 of
the 149 tags with bows and two with a gig. Hook-and-
line anglers captured and harvested 65 snakeheads. The
fish harvested by bowfishing and gig were larger (aver-
age total length = 644 mm, standard error = 13; average
mass = 3208 g, standard error = 234) than those har-
vested using hook and line (average total length = 599
mm, standard error = 15; average mass = 2546 g, stan-
dard error = 227). Two additional fish tagged in 2022
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Table 2 Northern Snakehead C.argus tagged with high and standard reward tags in Chesapeake Bay (Maryland, United States) in 2022
and 2023 were reportedly harvested by various modes including bowfishing (B), gig (G), hook-and-line anglers (H-L), or reported in a
fish lift (FL) at Conowingo Dam in order to compute reporting rate (1), annual fishing mortality or exploitation (1), and the % of fishing

mortality owed to each mode of fishing.

Tag year Rep year Tags A " % BorG % H-L %FL
2022 2023 270 0.54 191% 63% 37% 0%
2024 242 0.26 17.8% 88% 12% 4%
2023 2024 415 0.54 22.0% 52% 43% 0%
2022/23 2024 657 0.43 20.3% 60% 40% 1%
Average 2024 438 0.41 20.0% 67% 32% 2%
Average 2023/24 354 0.48 19.5% 65% 34% 1%

(one high reward, one standard award) had been har-
vested and reported in 2024 by operators of a fish lift
at Conowingo Dam on the lower Susquehanna River.
These fish were excluded from reporting rate calcula-
tions because A was assumed to be 1.0. Relative report-
ing of high and standard tags yielded an A of 0.54in 2023
and an average A of 0.41 in 2024 (range: 0.26 to 0.54; av-
erage = 0.48) and was similar between those harvesting
with bow or gig and with hook and line (Table 2).

After adjusting for reporting rate, annual fishing mor-
tality estimates were similar between reporting years
2023 (2023 = 19.1%) and 2024 (average u = 20.0%,
standard error = 1.2). For the 2024 reporting year,
whether the tagging year included just 2022,2023, or
both 2022 and 2023 data, similar (but not identical) lev-
els of annual fishing mortality occurred (Table 2), sug-
gesting little bias related to tag loss or reporting among
years. The majority of annual fishing mortality was par-
titioned to bowfishing and gigging (u > 52%; aver-
age = 60.5%), with less owed to hook-and-line harvest
(12% — 43%; average = 34.3%), and the least to the fish
lift at Conowingo Dam (average = 1%) (Table 2).

Discussion

Harvest of Northern Snakehead in the recreational fish-
ery of the upper Chesapeake Bay reduced both the num-
bers of total and large fish in populations. The majority
of fish caught and reported had been harvested by hook-
and-line anglers and bowfishers. As in hook-and-line
fisheries, bowfishing harvest depended on effort (fish-
ing > 5.5 hour; shooters > 5 people). These long trips
were uncommon and many snakeheads were also har-
vested within a shorter duration. In addition to effort,
bowfishing harvest depended on daily and seasonal cli-
matic conditions during trips. More snakeheads were
harvested during greater wind velocities, which possibly
pushed boats further and faster to increase the probabil-
ity of encountering a fish. People did not harvest many
snakeheads when it was raining, which likely reduced

visibility of fish. Harvest also varied with the number of
snakeheads in the fishing area. More snakeheads were
harvested during spring and fall, both seasons associated
with reproduction (Odenkirk and Owens 2007) that in-
volves active selection of vegetated habitat (Lapointe
et al. 2010). Rainfall during spring and fall may also
be associated with exploration behavior because Love
and Newhard (2018) found that it related positively to
the rate of colonization in Chesapeake Bay. Snakeheads
pair themselves in predictable habitats for spawning
and may become denser during these times. Northern
Snakehead may also become denser during new or full
moons, periods that also yielded greater harvest. Be-
cause new and full moons are associated with spring
tides that cause lower, low tides, snakeheads could have
become denser in channels of tidal streams as water
drained from the wetlands. Lapointe et al. (2010) noted
the occurrence of snakeheads in shallow and vegetated,
stream-side habitats during low tide, which could in-
crease density and the probability that a shooter would
encounter a fish. These bowfishing patterns may also
be applicable to hook-and-line angling; while analogous
hook-and-line data were not available for analysis, sea-
son, habitat, and tide likely influenced harvest for that
fishery because of their relationship to natural history.
Bowfishing has grown in popularity in the United
States, in part because of its low entry cost and expand-
ing opportunities (Scarnecchia and Schooley 2020).
These opportunities have included agencies creating
reservoirs with ideal conditions for shooting and main-
taining species that lack possession limits. As with its
gain in popularity, positive and negative consequences
have been identified in management (Scarnecchia and
Schooley 2020). Bowfishing provided a novel, essen-
tial service in reducing biomass of Northern Snakehead
in the Chesapeake Bay watershed. One positive conse-
quence of bowfishing was that it accounted for a greater
percentage of annual fishing mortality than hook-and-
line harvest. Another positive aspect of bowfishing was
its harvest of larger fish than taken during fishing with
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a hook and line. Larger fish can be more easily seen and
killed by bowfishers (Scarnecchia and Schooley 2020).
The removal of larger adults could reduce recruitment
because larger females produce more ova (Love 2024)
and because bowfishing often harvests sexually mature
fishes (Quinn 2010). Additionally, fewer mature adults
in the population could increase mate searching time
and have other recruitment-limiting effects. Such Allee
effects have proven useful with invasive species manage-
ment because they lower population persistence (Tobin
etal. 2011).

Negative consequences of encouraging greater bow-
fishing effort include wanton waste and illegal fish-
ing. After being shot during bowfishing, targeted fish
have a high, near 100% probability of death (Montague
et al. 2023). Illegally shot fishes that are protected by
regulation or law have been reported broadly across
the United States (Scarnecchia and Schooley 2020), in-
cluding Maryland where Largemouth Bass Micropterus
nigricans adults have been observed dead with holes
through the body (pers. obs. JWL). Wanton waste oc-
curs when gamefish or sportfish die without subse-
quent benefit. Nationwide attention from animal rights
activists protested high levels of unregulated harvest
for Cownose Ray during bowfishing tournaments, ulti-
mately leading to a call for the ban of these tournaments
(Kobell 2015) and prompting the development of a fish-
ery management plan. Longnose Gar Lepisosteus osseus
has also been wantonly abandoned at boat ramps and
dirt roads (pers. obs., JWL), leading to more restrictive
creel limits in the Chesapeake Bay watershed. During
our study, Cownose Rays Rhinoptera bonasus (n = 1,166)
and Longnose Gar (n = 560) were reportedly harvested
using bowfishing, though the disposition of those fish
is unknown. In general, the majority of fish reportedly
harvested with bowfishing were not illegally shot and
included non-native and unmanaged species: Blue Cat-
fish Ictalurus furcatus (12,788 individuals), common carp
Cyprinus carpio (n = 1,494), Goldfish Cyprinus auratus
(n = 661), Grass Carp Ctenopharyngodon idella, (n = 4),
and Flathead Catfish Pylodictis olivaris (n = 2). Consis-
tent and massive outreach could stymie illegal fishing
and wanton waste before it occurs. Significant effort has
reduced unwanted mortality in popular sport fisheries
(Siepker et al. 2007; Keretz et al. 2018; LaRouchelle et al.
2022) and arced angler behavior toward conservation
practices (Gilliland et al. 2002). Because illegal fishing
and wanton waste appear relatively rare, using outreach
to limit them would benefit from local bowfishing com-
munities being vigilant in self-policing.

Love and Genovese (2018) noted several ways MDNR
has incentivized and promoted harvest of Northern
Snakehead in Chesapeake Bay, including fishing awards,
prizes, and recognition. When MDNR began tracking

J. W. Love et al.

reports of snakeheads from the public, people who har-
vested and reported a snakehead qualified for entry into
raffles for gift cards. As populations of snakeheads be-
came established, MDNR incentivized harvest of large
snakeheads with a newly created category for fishing
challenge and state record recognition. The invasive fish
category required people to harvest their fish to qualify
for recognition. Additionally, MDNR provided awards
and organized fishing derbies and tournaments aimed
at educating the general public, encouraging harvest,
and beneficial use of Northern Snakehead. These ac-
tions helped to inform the general public of the fish-
ery as well as direct attention toward harvest, which
helped to establish the public awareness necessitated for
the work presented here. Other agencies have launched
similar initiatives and assigned value to harvesting inva-
sive species. As Lionfish Pterois spp. spread its distribu-
tion throughout the Atlantic Ocean and Gulf of Mexico,
sponsored fishing derbies required harvest and removal
of lionfish from reefs to support management and con-
servation goals (Hoag 2014). Assigning value to invasive
fish harvest by investing in the culinary industry has also
been done to create long-term harvest incentives (Smith
et al. 2023). For example, significant investment into
changing the name from Silver Carp or Bighead Carp to
“Copi” aimed to encourage consumption (Garvey et al.
2024). Pasko and Goldberg (2014) cautioned against ac-
tions that assign value to an invasive fish because they
can lead to unintended consequences, such as illegal in-
troductions and calls to manage the species as a sustain-
able fishery. As invasive lionfish (Pterois spp.) becomes
the focus of a culinary market, managing biomass op-
timally for both suppression and sustainability may be-
come necessary (Bogdanoff et al. 2020). Additionally, en-
couraging harvest with deficient natural historical in-
formation on population growth may be counterpro-
ductive (Zipkin et al. 2009). Harvest of invasive com-
mon carp resulted population growth because of re-
cruitment compensation (Weber et al. 2016). To date,
Northern Snakehead has not increased in population
size where intensively harvested (Odenkirk and Isel
2016; Newhard et al. 2019) and has a mix of natural his-
tory attributes that suggest its population will decline
with the harvest of large adults (Love 2024).

Sources of annual fishing mortality other than
recreational harvest exist for Northern Snakehead in
Chesapeake Bay. Commercial harvest has increased
from 0.45 kg in 2011 to 4,216 kg in 2024. No tagged
snakeheads were reportedly harvested during com-
mercial fishing. Commercial harvest was similar to
that estimated for fish lift operations at Conowingo
Dam in 2024 (2,084 adults x 2 kg/fish = 4,333 kg;
unpublished data, JWL), which accounted for 1% of
harvest. Therefore, commercial harvest may contribute
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a similar percentage to annual mortality. Agency boat
electrofishing has also been used in targeted areas
to harvest snakeheads. No tagged snakeheads were
harvested during boat electrofishing for this work.
Daytime boat electrofishing between 2019 and 2024
harvested between 1 and 9 snakeheads per trip with an
average median of 4 (standard error = 1.9) (unpublished
data, JWL), which would amount to an even smaller
number of harvested snakeheads than commercial har-
vest throughout the year. While commercial and agency
harvest contributed to annual fishing mortality, recre-
ational harvest apparently contributed more. Within
the recreational aspect of the fishery, bowfishing and
gigging accounted for the majority of annual fishing
mortality that approximated 20% in upper Chesapeake
Bay. The target of 25% for fishing mortality has been
associated with population declines (Newhard et al.
2019). Fishing and natural mortality (i.e., total an-
nual mortality) for populations from Potomac River
(Chesapeake Bay watershed) ranged between 22% and
43%, with fishing mortality for the same years ranging
between 4% and 31%. Therefore, absent an increase in
natural mortality, more and consistent work is needed
to encourage harvest to increase fishing mortality.

Acknowledgments

We want to thank the bowfishing captains who partic-
ipated in this program and particularly three whom we
chartered and learned so much from, Captain Bill Bates,
Captain Nick Mather, and Captain Marc Spagnola. We
thank the anglers and archers who participated by re-
porting tags throughout the study. We are also grateful
to the thoughtful reviewers and editors who improved
upon this manuscript with their revisions and advice.

Funding

This work was supported by Congressman Andy Harris
(First District of Maryland) and the U.S. Congress via
the Snakehead Control Act.

Supplementary Data
Supplementary Data available at ICB online.

Conflict of interest

The authors declare no conflicts of interest.

Data availability

The data underlying this article will be shared on re-
quest to the corresponding author.

"

References

Altenritter ME, DeBoer JA, Maxson KA, Casper AF, Lamer
JT. 2022. Ecosystem responses to aquatic invasive species
management: a synthesis of two decades of bigheaded
carp suppression in a large river. ] Environ Manage 305:
114354.

Amilhat E, Lorenzen K. 2005. Habitat use, migration pattern
and population dynamics of Chevron Snakehead Channa
striata in a rainfed rice farming landscape. J Fish Biol 67:23—
34,

Bennett DL, Ott RA, Bonds CC. 2015. Surveys of Texas bow an-
glers, with implications for managing Alligator Gar. J South-
east Assoc Fish Wild Agen 2:8-14.

Bogdanoff AK, Shertzer KW, Layman CA, Chapman JK,
Fruitema ML, Soloman J, Sabattis J, Green S, Morris JA, Jr..
2020. Optimum lionfish yield: a non-traditional manage-
ment concept for invasive lionfish (Pterois spp.) fisheries. Biol
Invasions 23:795-810.

Breiman L, Friedman JH, Olshen RA, Stone CJ. 1984. Classi-
fication and Regression Trees. New York (NY): Chapman &
Hall (Wadsworth, Inc.).

CBNSWG (Chesapeake Bay Northern Snakehead Plan Work
Group). 2023. Northern Snakehead Control and Manage-
ment Plan for the Chesapeake Bay Watershed. Mid-Atlantic
Panel on Aquatic Invasive Species: 86 pp.

Courtenay WRJ, Williams JD. 2004. Snakeheads (Pisces,
Channidae)—A biological synopsis and risk assessment. U.S.
Geological Survey Circular 1251:143.

Friesen TA, Ward DL. 1999. Management of Northern
Pikeminnow and implications for juvenile salmonid survival
in the lower Columbia and Snake Rivers. North American ]
Fish Management 19:406-20.

Garvey JE, Irons KS, Behnfeldt G, Kwasek KA. 2024. Introduc-
ing Copi as a positive path toward combatting invasive carps
in North America. Fisheries 49:253-62.

Gilliland G, Schramm H, Shupp B. 2002. Keeping Bass Alive:
a guidebook for anglers and tournament directors. Mont-
gomery (AL): Bass Anglers Sportsman Society.

Hoag H. 2014. Invasive-species control: bounty hunters. Nature
513:294-5.

Keretz K, Dinken C, Allen P, Colvin M, Schramm H. 2018. The
effect of water temperature, angling time, and dissolved oxy-
gen on the survival of Largemouth Bass subjected to simu-
lated angling and tournament handling procedures. N Am |
Fish Manag 38:606-22.

Kobell R. 2015. Bloody tournament video intensifies calls to
manage cownose rays. Bay Journal. 1-5. https://www.bayjou
rnal.com.

Lapointe NWR, Thorson JT, Angermeier PL. 2010. Seasonal
meso- and microhabitat selection by the Northern Snake-
head (Channa argus) in the Potomac River system. Ecol Fresh-
water Fish 19:566-77.

LaRouchelle L, Trahan A, Brownscombe J, Danylchuk A, Cooke
S. 2022. A comparison of different tournament weigh-in
formats on the short-term post-release behavior of black
bass assessed with biologgers. N Am ] Fish Manag 42:
250-9.

Love JW 2024. Notes on the fecundity and egg diameter of
Northern Snakehead (Channa argus) from upper Chesapeake
Bay. Maryland. Northeast Natural 31:300-12.


https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icag002#supplementary-data
https://www.bayjournal.com

12

Love JW, Genovese P. 2018. Fishing for an invasive: mary-
land’s toolbox for managing Northern Snakehead fisheries.
In: Odenkirk JS, Chapman DC, (Eds.) Proceedings of the First
International Snakehead Symposium. Bethesda, MD: Amer-
ican Fisheries Society, Symposium 89. p. 139-59.

Love JW, Greenfield B, Newhard JJ. 2015. A geospatial ap-
proach for estimating suitable habitat and population size of
the invasive Northern Snakehead. ] Fish Wild Manag 6:145—
57.

Love JW, Newhard JJ. 2018. Expansion of Northern Snake-
head in the Chesapeake Bay watershed. Trans Am Fish Soc
147:342-9.

Love JW, Newhard JJ. 2021. Using published information to
predict consumption by Northern Snakehead in Maryland.
Trans Am Fish Soc 150:425-34.

MDNR (Maryland Department of Natural Resources). 2016.
Maryland Aquatic Nuisance Species Management Plan. An-
napolis: Maryland Department of Natural Resources. pp.77.
+ Appendices.

Meyer KA, Elle FS, Lamansky JA, Jr., Mamer ERJM, Butts AE.
2012. A reward-recovery study to estimate tagged-fish re-
porting rates by Idaho anglers. N Am J Fish Manag 32:696—
703.

Montague GF, Schooley JD, Scarnecchia DL, Snow RA. 2023.
Bowfishing shoot and release: high short-term mortality of
nongame fishes and its management implications. N Am J
Fish Manag 43:962-83.

Newhard JJ, Love J, Walker M. 2024. Changes in fish communi-
ties before and after establishment of Northern Snakehead in
an estuarine marsh of the Chesapeake Bay watershed. ] Fish
Wild Manag 15:380-94.

Newhard JJ, Odenkirk J, Lyon L. 2019. Effects of fishing on
select populations of Northern Snakehead in the Potomac
River. In: Odenkirk JS, Chapman DC, (Eds.). Proceedings
of the First International Snakehead Symposium. Bethesda,
MD: American Fisheries Society, Symposium 89. p.159-72.

Odenkirk J, Owens S. 2007. Expansion of a Northern Snake-
head population in the Potomac River system. Trans Am Fish
Soc 136:1633-9.

Odenkirk JS, Isel M. 2016. Trends in abundance of north-
ern snakeheads in Virginia tributaries of the Potomac River.
Trans Am Fish Soc 145:687-92.

Pasko S, GoldbergJ. 2014. Review of harvest incentives to con-
trol invasive species. Manag Biol Inv 5:263.277.

J. W. Love et al.

Pollock KH, Hoenig JM, Hearn WS, Calingaert B. 2001. Tag re-
porting rate estimation: 1. An evaluation of the high-reward
tagging method. North American J Fish Manage 21:521-32.

Quinn JW. 2010. A survey of bowfishing tournaments in
Arkansas. N Am ] Fish Manag 30:1376-84.

Saylor RK, Lapointe NWR, Angermeier PL. 2012. Diet of non-
native northern snakehead (Channa argus) compared to three
co-occurring predators in the lower Potomac River. USA.
Ecology of Freshater Fish 21:443-52.

Scarnecchia DL, Schooley JD. 2020. Bowfishing in the United
States: history, status, ecological impact, and a need for man-
agement. Trans Kans Acad Sci 123:285-338.

Siepker M, Ostrand K, Cooke S, Philipp D, Wahl D. 2007. A re-
view of the effects of catch-and-release angling on black bass,
Micropterus spp.: implications for conservation and manage-
ment of populations. Fish Manage Eco 14:91-101.

Smith N, Burgess K, Clements KR, Burgess JC, Lavoie A,
Solomon JN. 2023. Serving conservation from reef to plate:
barriers and opportunities for invasive lionfish consumption
in restaurants. Aquat Cons: Mar Fresh Ecosyst 202:1-13.

SPDC (Snakehead Plan Development Committee). 2014. Na-
tional Control and Management Plan for Members of the
Snakehead Family (Channidae). Aquatic Nuisance Species
Task Force: 72 pp

Taylor RG, Whittington JA, Pine WE, III, Pollock KH. 2006. Ef-
fect of different reward levels on tag reporting rates and be-
havior of common snook anglers in southeast Florida. N Am
J Fish Manag 26:645-51.

Therneau TM, Atkinson EJ. 1997. An introduction to recur-
sive partitioning using the rpart routines. Mayo Foundation
Technical report. p.1-60.

Tobin PC, Berec L, Liebhold AM. 2011. Exploiting Allee effects
for managing biological invasions. Ecology Letters 14:615—
624.

Weber MJ, Hennen M]J, Brown ML, Lucchesi DO, St. Sauver
TR. 2016. Compensatory response of invasive common carp
Cyprinus carpio to harvest. Fish Res 179:168-78.

Zelasko KA, Bestgen KR, Hawkins JA, White GC. 2016. Evalu-
ation of a long-term predator removal program: abundance
and population dynamics of invasive Northern Pike in the
Yampa River, Colorado. Trans Am Fish Soc 145:1153-70.

Zipkin EF, Kraft CE, Cooch EG, Sullivan P]. 2009. When can ef-
forts to control nuisance and invasive species backfire? Ecol
Appl 19:1585-95.

Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology 2026. This work is written by (a) US

Government employee(s) and is in the public domain in the US.



	Introduction
	Methods
	Results
	Discussion
	Acknowledgments
	Funding
	Supplementary Data
	Conflict of interest
	Data availability
	References

