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INTRODUCTION

Although the latitudinal diversity gradient (LDG) is
a well-established pattern in ecology, the main
 driving mechanisms have been extensively debated
(Pianka 1966, Schemske 2002, Hillebrand 2004,
Mittel bach et al. 2007). Three primary hypotheses
currently exist to explain the LDG, distinguishing
between evolutionary (Jablonski et al. 2006), eco -
logical (Willig et al. 2003), and historical (Mittelbach
et al. 2007) mechanisms. One prominent evolution-
ary theory is the biotic interactions hypothesis (BIH;

Schemske 2009). The BIH states that a global dispar-
ity of biotic interactions, with stronger interactions
taking place closer to the equator, has resulted in
increased rates of adaptation and speciation in the
tropics, ultimately resulting in the LDG (reviewed by
Schemske et al. 2009).

To date, evidence from a variety of systems supports
the idea that biotic interactions are stronger in the
tropics, including studies involving predation (Palmer
1979, Menge & Lubchenco 1981), herbivory (Coley
& Barone 1996, Pennings & Silliman 2005, Becerra
2015), parasitism (Merino et al. 2008), and pollination
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(Regal 1982). More recently, however, this evidence
has been challenged. A wide range of literature con-
tradicts the BIH and instead suggests that the BIH
largely survives due to a citation bias (Moles & Oller-
ton 2016). In fact, several recent syntheses and empir-
ical studies have shown that herbi vory (Moles et al.
2011), predation (Harper & Peck 2016), and parasitism
(Torchin et al. 2015) are not stronger in the tropics and
may decrease at low latitudes. However, the vast ma-
jority of evidence against the BIH originates from her-
bivory studies (Moles et al. 2011, Moles & Ollerton
2016). In contrast, studies that investigate predation
largely support the BIH (Jeanne 1979, Bertness et al.
1981, Heck & Wilson 1987, Peterson et al. 2001; but
see Harper & Peck 2016). Nonetheless, there is a lack
of biotic inter action studies along a broad geographi-
cal range (Schemske et al. 2009, Freestone et al.
2011), which impedes our ability to infer the mecha-
nisms that structure local communities in a macro -
ecological context.

Hairston et al. (1960) presented 3 means by which
communities can be structured: bottom-up, top-
down, and side-in. Bottom-up control, driven by pri-
mary production, has been well quantified on a
global scale due to its perceived importance and the
ease of data collection involving primary producers
and herbivores (Field et al. 1998, Running et al. 2004,
Elser et al. 2007). Side-in control (e.g. ecological per-
turbations) is also well studied, which is largely due
to the increasing frequency and intensity of anthro-
pogenic disturbances worldwide (see Richmond
1993). In contrast, despite the demonstrable effect of
top-down control on lower trophic levels (Shears &
Babcock 2002, Moore et al. 2003, Borer et al. 2006,
Freestone et al. 2013), studies that investigate sec-
ondary consumption rates are rarely performed at
regional or global scales (but see Freestone & Osman
2011, Freestone et al. 2011). Furthermore, a synthesis
of trophic food web literature suggests that top-down
control is stronger in aquatic systems than in terres-
trial systems (Shurin et al. 2006). Consequently, there
has been a recent push for large-scale, standardized
studies to investigate the strength and impact of mar-
ine consumption rates in a comparative framework
(Heck & Wilson 1987, Duffy et al. 2015, Meyer et al.
2015, Lefcheck et al. 2016). However, habitats often
differ across latitudes and therefore impede stan-
dardization. While attempts to standardize marine
predation studies have focused on using similar habi-
tats across a latitudinal gradient, such as seagrass
beds (Heck & Wilson 1987, Peterson et al. 2001) and
rocky substrate (Menge & Lubchenco 1981), direct
comparisons can be problematic due to regional dif-

ferences in foundation species. For example, Peter-
son et al. (2001) compared predation pressure in sea-
grass habitats in temperate (Maine; consisting of
Zostera marina) and subtropical (Florida; consisting
of Thalassia testudinum). Given the structural differ-
ences between the 2 species, the authors concluded
that habitat-associated effects as well as latitude
drive much of the observed variation. Thus, habitats
that are consistent across latitudes may represent the
most promising opportunity for large-scale studies of
biotic interactions.

One habitat type that may satisfy the criterion of
standardization and reproducibility across latitudes
is the habitat emerging from the construction of
anthropogenic structures in coastal environments,
such as marine docks. As humans expand along
shorelines, numerous artificial structures designed to
bring ease-of-access and protection are built. As a
consequence, these structures are now common
along most coastlines on Earth (Bacchiocchi & Airoldi
2003, Bulleri & Chapman 2004), and different struc-
tures (e.g. docks, pontoons, jetties, breakwaters, etc.)
can provide relatively homogeneous habitats, com-
monly situated in shallow, coastal environments. The
accessibility and increasing prevalence of, for in -
stance, docks in coastal areas have led to an ongoing
investigation of ecological communities and pro-
cesses associated with them. For example, invasive
sessile epifauna species appear to thrive on artificial
structures as compared to native species (Glasby et
al. 2007, Dumont et al. 2011, Simkanin et al. 2012),
with the uniformity and regularity of docks along
coastlines creating a corridor for invasive species
(Airoldi et al. 2015). Aside from intrinsic factors of
dock pilings that may benefit invasive species (such
as the material from which pilings are constructed or
the strictly vertical orientation of dock pilings; Glasby
1999a, Connell 2001), another reason for the success
of invasive species on dock pilings may be rooted in
altered predation regimes and other ecological pro-
cesses between artificial structures and their sur-
rounding habitat (Simkanin et al. 2013, Rogers et al.
2016), for example mediated by the availability of
light and primary production (Able et al. 1998, 2013,
Grothues et al. 2016); thus, docks may represent a
distinct habitat with specific ecological communities
and processes (Glasby 1999b, Clynick et al. 2008,
Pagliosa et al. 2012, Ferrario et al. 2016). However,
evidence for altered ecological processes within
dock-specific communities currently only exists for
local scales, with no large-scale studies examining
the consistency of specific alterations to ecosystem
processes in artificial habitats such as marine docks.
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Similar to problems arising from geographic varia-
tion in habitats, methodologies used to assess con-
sumption often introduce unwanted geographic vari-
ation. Previous research has focused on tethering
(Peterson et al. 2001), predator exclusion (Freestone
et al. 2011), and shell repair (Bertness et al. 1981,
Harper & Peck 2016). While these methods are use-
ful, they are time consuming and, contingent on local
prey, not standardized across studies. To address this
issue, ‘squidpops’ have been proposed as a standard-
ized, simple assay to assess consumption (Duffy et al.
2015; see ‘Materials and methods’ for more details).
While squidpops have been shown to be an accurate
proxy of relative consumption pressure by consumers
capable and partial to feeding on small prey between
habitats, depths, and seasons (Duffy et al. 2015), they
have not yet been used to compare consumption
pressure across a broad geographical scale.

Here, we used squidpops to investigate the biotic
interactions hypothesis through a latitudinal compar-
ison of consumption rates. Specifically, we sought to:
(1) investigate consumption rates across a latitudinal
gradient, (2) compare consumption rates between
natural habitats and docks, (3) assess the local pred-
ator community, and (4) interpret these results in
light of increasing marine urbanization and the need
for standardized, large-scale experiments. We hypo -
thesized that consumption will decrease with in -
creasing latitude, supporting the biotic interactions
hypothesis, and that consumption will be lower
under docks because docks have been reported to

create adverse foraging conditions for piscine con-
sumers (Duffy-Anderson & Able 1999), resulting in
lower ambient predation pressure (Simkanin et al.
2013, Rogers et al. 2016).

MATERIALS AND METHODS

Study areas

Consumption was measured across 17° of latitude
on the US east coast. In the summer months of June
and July 2016, 4 locations were sampled: Maine
(Darling Marine Center; 44° N, 70°W; 22−25 July),
Massachusetts (Marine Biological Laboratory; 42° N,
71°W; 14−17 July), North Carolina (Duke University
Marine Laboratory; 35° N, 77°W; 3−11 June), and
Florida (Smithsonian Marine Station; 27° N, 80°W;
17−24 June; Fig. 1). Six (North Carolina, Massachu-
setts, Maine) to 7 (Florida) sites were chosen at each
location. Each site contained a dock that was easily
accessible and located in waters with fully marine
salinity (on average >30 ppt). In addition, the dock
had to be situated in an environment that also fea-
tured an area of open water 10−15 m from the dock.
Both habitats (under docks or away from docks) were
subtidal with depths between 0.45 and 3.2 m at low
tide, with depth varying consistently among sites at
each location.

At each site, the coarse characteristics of the ben-
thos (seagrass, sand, mud) were recorded as well as
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the time of the initial deployment. While type of ben-
thos was not standardized between sites (be cause
dock selection was performed independent of ambi-
ent habitat), habitat was always consistent with in
sites (i.e. underneath and away from the docks).
Google Earth was then used to determine the exact
latitude of each dock, the above-water surface area
of each dock sampled, the average distance between
sites at every location, and the distance each site
exhibited to open ocean. Due to regional characteris-
tics in human settlement patterns and the accessibil-
ity of shoreline, standardization of distances among
sites was impossible. ‘Open ocean’ was defined as
the dark blue bathymetric contour in Google Earth. A
summary of the conditions and location of each dock
is provided in Table 1.

Data collection

To quantify consumption, we used squidpop as -
says, which represent a standardized, simple, and
relatively rapid method of measuring consumption

(Duffy et al. 2015). Each squidpop was made from a
60 cm fiberglass garden stake with a circular piece
of dried squid 1.3 cm in diameter attached to the
top with a thin (6 or 8 pound test monofilament)
fishing line and electrical tape (for more detail, see
Duffy et al. 2015 and Fig. S1 in the Supplement at
www. int-res. com/ articles/ suppl/ m574 p167 _ supp. pdf;
also see the link in the Supplement for squidpop
visualization). After assembly, the squidpops were
bundled together in groups of 25 and transported
to the site; 50 squidpops were deployed at every
site, including under the dock (n = 25) and 10−15 m
away from the dock in open water (n = 25). Deploy-
ment was accomplished on snorkel by driving the
squidpops into the substrate in 2 rows while posi-
tioning them 0.5−1 m apart (Fig. S1). The time of
deployment was recorded and split into 3 catego -
ries: morning (09:00−12:00 h), midday (12:00−
15:00 h), and afternoon (15:00− 18:00 h). Squidpops
were monitored and scored after 1 h and then
again after 24 h. If the bait was still present (partial
or fully), a score of 0 was assigned. Otherwise, a
score of 1 was given.
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Location Site Coordinates Date Time Depth Depth Benthos Dock Distance 
(mo/d/yr) of day under away area to open 

(h:min) (m) (m) (m2) ocean (km)

Florida Blade’s dock 27.47° N, 80.30° W 6/23/2016 12:30 1.57 1.57 Sand 107.71 1.46
Florida Ft. Pierce Yacht Club 27.46° N, 80.32° W 6/22/2016 12:45 1.60 1.85 Sand 48.16 4.36
Florida Little Jim’s 27.48° N, 80.31° W 6/22/2016 12:15 1.60 1.10 Sand 104.97 3.56
Florida Mariner’s Bay 27.45° N, 80.29° W 6/24/2016 13:00 3.07 1.57 Mud 665.02 6.80
Florida SMS dock 27.46° N, 80.31° W 6/17/2016 11:00 2.12 1.62 Sand 136.69 4.78
Florida Sunburst 27.46° N, 80.30° W 6/17/2016 14:00 2.00 1.75 Mud 111.54 2.42
Florida Thumb Point 27.46° N, 80.29° W 6/21/2016 09:30 1.35 1.35 Sand 333.36 6.54
North Carolina Boat ramp 34.71° N, 76.63° W 6/7/2016 17:30 2.00 2.00 Mud 213.41 6.99
North Carolina Condo complex 34.71° N, 76.68° W 6/9/2016 13:00 1.00 1.50 Sand 101.86 3.67
North Carolina Dive shop 34.72° N, 76.67° W 6/9/2016 18:00 1.75 1.50 Mud 317.32 5.75
North Carolina Duke dock 34.71° N, 76.67° W 6/3/2016 14:00 1.75 2.25 Mud 100.54 4.62
North Carolina ODD 34.72° N, 76.67° W 6/11/2016 12:00 0.45 0.95 Sand 10.47 4.10
North Carolina Snug Harbor 34.72° N, 76.68° W 6/7/2016 14:00 0.66 0.92 Mud 123.79 5.22
Massachusetts Academy 41.54° N, 70.66° W 7/14/2016 12:30 1.74 1.99 Seagrass 84.16 3.73
Massachusetts Eel Pond 41.53° N, 70.67° W 7/16/2016 11:00 1.45 1.45 Mud 168.22 4.81
Massachusetts Fiddler’s Cove 41.65° N, 70.64° W 7/17/2016 15:00 1.80 2.05 Mud 434.80 12.40
Massachusetts MBL dock 41.52° N, 70.67° W 7/16/2016 10:30 1.99 2.24 Seagrass 140.75 4.46
Massachusetts Quissett Harbour 41.54° N, 70.65° W 7/14/2016 14:00 3.20 1.70 Mud 191.56 4.10
Massachusetts Woods Hole Yacht Club 41.53° N, 70.68° W 7/17/2016 17:00 2.04 2.04 Seagrass 179.51 4.51
Maine Aquarium 43.84° N, 69.64° W 7/25/2016 10:00 1.75 1.75 Sand 141.07 9.27
Maine Gamage shipyard 43.86° N, 69.56° W 7/23/2016 17:00 1.50 1.75 Mud 538.53 6.97
Maine Ocean Point Marina 43.87° N, 69.58° W 7/24/2016 22:00 3.00 2.50 Mud 546.94 7.85
Maine Pemaquid Fort 43.88° N, 69.52° W 7/24/2016 15:00 2.00 2.50 Sand 153.50 5.92
Maine The Gut 43.86° N, 69.55° W 7/22/2016 15:00 1.75 2.00 Mud 113.41 7.35
Maine Tugboat Inn 43.85° N, 69.63° W 7/23/2016 11:00 2.25 2.00 Mud 568.91 9.70

Table 1. Characteristics of the study docks. The date, time, and benthos are as recorded at the time of deployment. Depth (under and
10–15 m away from dock) was estimated at the time of deployment and then later standardized to depth at low tide using tide tables. Dock
area and distance to open ocean were measured using Google Earth. SMS: Smithsonian Marine Station, ODD: Opposite Duke Dock, 

MBL: Marine Biological Laboratory

http://www.int-res.com/articles/suppl/m574p167_supp.pdf
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To quantify predator communities, 2 types of
underwater video were employed. The first under-
water video method was baited remote underwater
video (BRUV), which was used in Florida and North
Carolina. BRUVs have been used regularly in recent
years due to their ease of deployment and accuracy
relative to other survey methods (Willis et al. 2000,
Lowry et al. 2012). For the BRUVs, a 70 cm segment
of PVC was inserted into a cinderblock for stabiliza-
tion. A bait arm made from a 1 m segment of PVC
was glued to the top parallel to the base. Vexar mar-
ine-grade mesh was folded into a 20 cm × 15 cm
pouch and attached to the bait arm with zip-ties to
form a bait bag. In order to attach GoPro cameras, a
5 cm segment of PVC with a hole drilled near one
edge was mounted on top of the bait arm over the
stand. Once transported to the site, an equal mixture
of frozen fish (menhaden Brevoortia tyrannus) and
squid was placed in the bait bag. The BRUVs were
deployed on snorkel both under the dock and in open
water (approximately 2 m away from the squidpop
array). The BRUVs were picked up after 1 h while
monitoring the squidpops.

The success of the BRUVs was limited, and many
videos did not capture any consumer species on
video. For this reason, a second underwater video
method was employed in Florida (at the final 2 sites,
Little Jim’s and Fort Pierce Yacht Club), Massachu-
setts, and Maine. GoPro cameras were taped to
squidpop garden stakes, and once the squidpops
were deployed, the GoPro apparatus was sunk into
the substrate approximately 0.5 m from a squidpop,
attempting to capture other squidpops in the back-
ground of the picture. Collection occurred while
monitoring the squidpop assays after 1 h. This me -
thod was equally limited in its success at quantifying
predator communities as the BRUVs, but had the
advantage of not needing bait and being much more
portable.

Analysis

To quantify differences in consumption, we used
the binary data from squidpops (0 = not eaten, 1 =
eaten) to run 2 binomial generalized linear mixed
models (GLMMs) for data collected after 1 h and
after 24 h. For the first monitoring period (1 h), the
effects of latitude (continuous), habitat (underneath
the dock or away from the dock), and 3 abiotic factors
(distance from open ocean [continuous], depth [con-
tinuous], and time of day [morning, midday, after-
noon]) on consumption were analyzed. Benthos type

was not included in the 1 h analysis, as the exclusive
occurrence of zero counts in habitats dominated by
seagrasses induced complete separation, which pre-
cluded satisfactory model convergence. As the sec-
ond monitoring included a full diurnal cycle, time of
day of the deployment was omitted from the second
GLMM (24 h), while all other predictor variables
(including benthos type [seagrass, sand, mud]) were
included. To account for the non-independent nature
of each squidpop deployed at a given site, and the
spatial correlation of sites with a given location, a
random intercept was specified for site nested within
location for both GLMMs. An interaction effect was
specified between latitude and habitat to determine
whether consumption rates varied consistently be -
tween natural and artificial habitats across latitude.
Collinearity of all predictors was assessed using pair-
plots and Pearson correlation coefficients (Fig. S2 in
the Supplement). The surface area of docks was not
included as a predictor, as it was strongly collinear
with the distance of sites to open ocean (i.e. larger
marinas are commonly located in more sheltered
areas, farther away from open ocean), which signifi-
cantly impacted model convergence. Model fit for
both full models (the 1 and 24 h models) was assessed
using marginal and conditional R2-values, and visu-
ally by superimposing mean values and 95% confi-
dence intervals obtained from model predictions on
the raw data. In a separate model including only
dock surface area as a predictor for squidpop con-
sumption, dock surface area was non-significant and
explained limited variation in squidpop consumption
(R2 = 0.09). All continuous predictors were scaled and
centered prior to analyses to facilitate comparison of
model parameter estimates.

Due to the methodological inconsistencies in the
visual censuses of potential predator species and the
limited success of both census techniques, no statisti-
cal treatment of the data was performed. However, in
order to provide data on the presence/absence of dif-
ferent predator species across locations, underwater
videos were analyzed for mobile fishes. The most
common families and species at each location were
identified. To visualize the difference in the commu-
nity composition of mobile consumers among loca-
tions and habitats, multidimensional scaling (MDS)
ordinations were performed using the Jaccard dis-
tance metric for presence−absence data. Sites with 0
occurrences of species (n = 11) were excluded from
this analysis. All statistical analyses were run using R
version 3.3.1 (R Core Team 2016) and the packages
vegan, lme4, and merTools (Bates et al. 2015,
Knowles & Frederick 2016, Oksanen et al. 2016).
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RESULTS

Overall, 1205 squidpops were deployed, 231 of
which were eaten after 1 h and 871 (including the
231 after 1 h) of which were eaten after 24 h. Con-
sumption exhibited significant variation across lati-
tude after both 1 h (standardized parameter estimate
β = −3.234 ± 0.805 [SE], p < 0.0001) and 24 h (β =

−4.840 ± 1.369, p = 0.000406; Fig. 2). Specifically,
approximately half of the bait was eaten after 1 h in
Florida (52%), whereas less than 17% of the bait was
consumed in North Caro lina (16.9%), Massachusetts
(0.7%), and Maine (0.4%). After 24 h, most of the
squidpops were eaten in Florida (99%) and North
Carolina (94%) while the proportion lost was consid-
erably less in Massachusetts (50%) and Maine (40%)
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Fig. 2. Standardized parameter estimates (±50% and 95% CIs, thick and thin black lines, respectively) for binomial general-
ized linear mixed models (GLMMs) after (A) 1 h and (B) 24 h. All continuous predictors were scaled and centered (mean = 0,
SD = 1) prior to the modeling procedure. Estimates for levels of categorical predictor variables relate to the reference level
(Habitat: away from the dock; Time: after-noon; Benthos: mud), which are included in the 0 intercept. Significant (p < 0.05) 

effects are highlighted in bold

Fig. 3. Probability of bait consumption across latitudes and habitats after 1 and 24 h. The trendlines mark the predicted prob -
ability (±95% CI, shading) of bait being consumed both away (blue) and under the docks (green) obtained from the binomial
generalized linear mixed models (GLMMs). Point clouds centered on 1 and 0 on the y-axis represent superimposed binary raw 

data (i.e. bait eaten = 1, bait not eaten = 0) with a random, constrained jitter applied to facilitate detection of patterns
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(Fig. 3). The difference between consumption in nat-
ural and artificial habitats was less pronounced
(Figs. 2 & 3. After 1 h, 18% of bait was lost under
docks and 21% was lost away from the docks across
latitudes, resulting in a non-significant effect of habi-
tat (Dock: β = 0.091 ± 0.418, p = 0.828). However, in
Florida, the amount consumed away from the dock
was considerably higher (57%) than under the dock
(47%). After 24 h, overall consumption was signifi-
cantly higher in natural (away from the dock; 77%
eaten) compared to artificial (under the dock; 68%
eaten) habitats (Dock: β = −1.508 ± 0.408, p =
0.000203). In contrast to the 1 h measurement,
Florida was the only location where bait loss was
undistinguishable between habitats after 24 h (100%
eaten away from the dock and 99% eaten under the
dock). There was no significant interaction between
habitat and location after both 1 h and 24 h (Lati-
tude×Habitat: p = 0.099 and p = 0.499, respectively).
There was no effect of depth, distance to ocean, and
time of day after 1 h (Depth: p = 0.827; Distance: p =
0.404; Time [midday]: p = 0.281; Time [morning]: p =
0.116). After 24 h, there was also no effect of distance
to ocean or benthos type (Distance: p = 0.645; Ben-
thos [seagrass]: p = 0.176; Benthos [sand]: p = 0.258).
While there was a weak effect of depth on consump-
tion after 24 h (β = 0.965 ± 0.376, p = 0.010), visual
inspection and exclusion of depth showed that depth
contributed little to explaining regional patterns (ΔR2

upon exclusion of depth < 0.01) and appeared to be
spuriously related to within-site patterns of consump-
tion across depth (see Table S1 in the Supplement).

Despite limited success of the predator census
methods, the predator communities exhibited clear
differences across locations (Table 2). Florida was
dominated by the families Haemulidae and Lutja -
nidae, North Carolina was dominated by the Spari-
dae and Serranidae, Massachusetts was dominated
by the Sparidae and Labridae, and Maine was domi-
nated by the Gadidae. White grunts Haemulon plu -
mierii were detected in 29% of videos in Florida, but
no other predatory species was seen in more than 1
video. In North Carolina, pinfish Lagodon rhom-
boides were observed in 50% of videos. Scups Steno-
tomus chrysops were seen in 66% of videos in Mas-
sachusetts; however, striped bass Morone saxatilis
were also frequently observed (55%) at this location.
Videos from Maine showed only 1 dominant species:
pollock Pollachius virens were seen in 40% of videos,
but no other predator species was seen in more than
1 video. The MDS ordination of species composition
showed clear differences among locations, with a
weak overlap between Florida and Maine due to the

presence of silversides Menidia menidia at both
 locations (Fig. 4).

DISCUSSION

We used a standardized, large-scale experiment to
investigate consumption across a latitudinal gradient
and between an artificial and adjacent natural habi-
tat. After deploying 1205 squidpops, consumption
varied significantly across latitude, with a clear in -
crease towards the tropics. These findings are consis-
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Location/Most Species
common families

Florida
Haemulidae, Haemulon plumierii (0.29)
Lutjanidae Lutjanus griseus (0.21)

Diplodus holbrooki (0.21)
Menidia menidia (0.21)
Chaetodinterus faber (0.14)
Lutjanus mahogoni (0.14)
Centropomus undecimalis (0.14)
Lutjanus synagris (0.14)
Sphyraena barracuda (0.07)
Pomacanthus arcuatus (0.07)
Archosargus probatocephalus (0.07)
Kyphosus sectatrix (0.07)
Eugerres plumierii (0.07)
Ariopsis felis (0.07)
Dasyatis sabina (0.07)

North Carolina
Sparidae, Lagodon rhomboides (0.50)
Serranidae Centropristis striata (0.17)

Chaetodipterus faber (0.17)
Anguilla rostrata (0.08)
Fundulus sp. (0.08)
Sphoeroides maculatus (0.08)

Massachusetts
Sparidae, Stenotomus chrysops (0.66)
Labridae Morone saxatilis (0.55)

Tautoga onitis (0.44)
Centropristis striata (0.44)
Tautogolabrus adspersus (0.44)
Brevoortia tyrannus (0.11)

Maine
Gadidae Pollachius virens (0.40)

Menidia menidia (0.20)
Morone saxatilis (0.10)
Centropristis striata (0.10)
Doryteuthis pealeii (0.10)
Tautogolabrus adspersus (0.10)

Table 2. Families and species of fish observed in the under-
water videos. Numbers in parentheses represent the propor-
tion of videos in which the species was observed at each 

location
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tent with the growing literature base that asserts that
species interactions are stronger at lower latitudes
(Schemske et al. 2009, Freestone et al. 2011). Further-
more, we found that the amount of bait consumed
away from docks was significantly (21%) higher than
under docks after 24 h, suggesting that consumption
pressure is lower under docks. While our findings
may suggest differences in the biotic communities of
natural versus artificial habitats, the lack of an inter-
action effect between habitat and lo ca tion suggests
that artificial habitats follow broad ecological para-
digms, making them a potentially suit able model
habitat for macroecological investigations.

Consumption across latitude

We found a significant latitudinal gradient in con-
sumption, supporting the BIH as a potential explana-
tion for the LDG. Due to the relatively large latitudi-
nal range of this study, several factors may have
affected the observed consumption patterns. Bio -
diversity influences numerous ecosystem processes
and has the capacity to affect predation rates in many
systems (Ives et al. 2005), but its effects can be
context specific. For example, an increase in predator
diversity may promote intraguild competition and
 reduce predation pressure on lower trophic levels at

local scales (Finke & Denno 2004,
Guidetti 2007). How ever, the oppor-
tunistic nature of foraging on squid-
pops may temporarily release preda-
tors from competition be cause the
prey is easily obtained; therefore, in
this instance, higher biodiversity may
provide a greater chance of consump-
tion. It has long been documented
that biodiversity in  creases at lower
latitudes (reviewed by Gaston 2000),
and this paradigm parallels the ob-
served consumption rates found in
this study.

Another factor that may affect con-
sumption pressure are climatic dif -
ferences. Our study spans 2 different
climate zones: humid subtropical
(Flo  rida and North Carolina) and
humid continental (Massachusetts
and Maine). After 24 h, the locations
in the humid subtropical climate had
a consumption rate of >90% while
the locations in the humid continental
climate had a much lower consump-

tion rate (40−50%), which highlights the potential
importance of climate and, most likely, temperature.
Temperature is positively correlated with fish metab-
olism and fish richness (Gillooly et al. 2001, Bailly et
al. 2014). In fact, Clarke & Johnston (1999) found that
the metabolic rate (measured via resting oxygen con-
sumption) of a tropical fish at 30°C is 6 times greater
than that of a polar fish at 0°C. A lower metabolism
means that less energy is required to perform vital
activities, and therefore necessitates a lower amount
of food (and predatory activity) to survive, which may
contribute to the lower consumption rates observed
in northern locations despite equal or higher abun-
dance of consumer species. 

In addition to spanning 2 climate zones, our study
consists of areas in 2 Large Marine Ecosystems
(LME) (Northeast United States Continental Shelf
and Southeast United States Continental Shelf) as
well as 3 ecoregions (Gulf of Maine, Virginian, and
Floridian, with the Duke University Marine Labora-
tory on the border between the Virginian and the
Carolinian ecoregions; Spalding et al. 2007, Fautin et
al. 2010). Climate zones and ecoregions are due to
physical differences in climate, currents, seafloor,
and various other factors, and they substantially im -
pact the species composition of a region. For exam-
ple, within the Northeast United States Continental
Shelf LME, the Virginian ecoregion shares only 40%
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Fig. 4. Community composition differences in mobile consumers across locations
and habitat types, as represented by a multidimensional scaling ordination with
each open circle representing a specific site. Different shaded colors and dashed
lines encompass all of the sites in specific locations and habitats (Dock: under-

neath dock; Away: 10–15 m away from dock) at the eastern US coast



Rodemann & Brandl: Latitudinal gradient in consumption pressure

of its species with the Gulf of Maine ecoregion
(Fautin et al. 2010). As observed in our underwater
videos, each location harbors a distinct community of
predators with different ecological requirements and
feeding habits. Therefore, the diversity of life histo-
ries characterizing the consumer communities in
these regions may have led to the variation in con-
sumption rates. However, there was no significant
difference in consumption rates between Maine and
Massachusetts despite the different composition of
consumer communities in the respective locations,
and this suggests that many other factors contribute
to the variation in consumption pressure across lati-
tudes. Overall, our findings are largely consistent
with the prevailing hypotheses concerning consump-
tion rates across latitudes and indicate that the varia-
tion among locations is driven by a variety of abiotic
and biotic factors that could be further disentangled
in future studies.

Consumption between a natural and 
artificial habitat

Our study provides the first standardized, large-
scale comparison of consumption rates between an
artificial habitat (docks) and a nearby natural habitat.
Interest in artificial marine habitats is increasing due
to the burgeoning abundance of these structures
worldwide (Seaman & Sprague 1991). However, in -
vestigations into the ecological properties of anthro-
pogenic structures only began in the late 1990s (e.g.
Able et al. 1998, Connell & Glasby 1999), and many
ecological differences between natural and man-
made habitats remain unquantified beyond local as -
sessments. In line with our initial hypothesis and
much of the available evidence from studies on docks
(Able et al. 2013, Simkanin et al. 2013, Rogers et al.
2016), we found a consistently lower consumption
rate under docks compared to habitats away from
docks across latitudes after 24 h. However, this pro-
vides results in contrast to the potential attraction of
large, predatory fish to anthropogenic structures
(Claisse et al. 2014). While there is support for higher
consumption rates under docks due to an increased
abundance of predatory species (Rilov & Benayahu
1998), our findings support previous evidence for
reduced eco logical activity, such as predation, under
docks compared to natural habitats (Simkanin et al.
2013, Rogers et al. 2016). Specifically, 2 local studies
found that fish abundance and diversity were
reduced under piers in the Pacific Northwest and in
the northeastern USA (Able et al. 2013, Munsch et al.

2014). Furthermore, in one of those studies, fish
abundance was highest around the edges of the
dock, approximately where the natural habitat
squidpops were located (Munsch et al. 2014). We
have demonstrated that the apparent reduction in
consumer pressure under docks is consistent beyond
local scales, which suggests generality in the ob -
served disparity. While the effect for the 24 h period
was relatively weak and there was no significant dif-
ference between artificial and natural habitats after
1 h, our data suggest that effects may be stronger if a
higher frequency of monitoring the squidpops were
employed. Specifically, Florida exhibited a higher
consumption rate in the natural habitat compared to
the artificial habitat after 1 h while the other 3 sites
exhibited the same trend after 24 h. This disparity is
rooted in the resolution provided by the 1 and 24 h
time points. Floridian sites lost 50% of the bait after
1 h, which suggests that most of the bait was con-
sumed within 2 h of deployment. Therefore, differ-
ences after 24 h would be in discernible. In contrast,
almost no bait was consumed in either habitat after
1 h at the 2 northernmost sites, which again prevents
the detection of habitat- specific differences. How-
ever, the effect after 24 h at these northern sites was
relatively robust.

The lower consumption rate underneath docks
may be due to specific aspects of docks that influence
ambient conditions. Docks (or any overhead struc-
ture) reduce the availability of light (Able et al. 1998,
2013) and block incoming photosynthetically active
radiation, therefore inhibiting growth of benthic pri-
mary producers (Glasby 1999b, Pagliosa et al. 2012).
The lack of submerged aquatic vegetation and
macro algae reduces the benthic complexity, which
effectively reduces the amount of habitat and, conse-
quently, the abundance of prey and consumers
(Pagliosa et al. 2012). Furthermore, Duffy-Anderson
& Able (1999) used the growth rates of juvenile fish to
determine that foraging conditions under docks are
suboptimal due to reduced foraging efficiency and
increased prey-handling time, primarily due to the
sparsity of light (Able et al. 1998, 2013). Another fac-
tor to consider is artificial lighting around docks.
Artificial lighting at night (ALAN) has been shown to
influence trophic interactions, causing reduced fish
density but higher predation pressure (Bolton et al.
2017). Given that many docks are subject to ALAN, it
is possible that introduced lighting in the vicinity of
docks may have influenced the slight disparity be -
tween the 1 and 24 h time points (i.e. significantly
lower predation directly underneath docks only after
24 h). While changes in light regimes are likely to be
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important, the novelty of overhead structures may
also deter fish. Edifices such as docks do not exist in
nature; therefore, fish may be wary to swim under-
neath these structures during the day despite their
attraction to submerged overhead structures in natu-
ral habitats (Toft et al. 2007, Kerry & Bellwood 2015).
The different responses to docks compared to natural
overhead structures may be rooted in the fact that
docks are relatively high above the benthos. As a
result, as compared to submerged overhead struc-
tures such as tabular corals, docks provide little shel-
ter from avian and piscine predators and leave prey
species exposed in the water column. In this context,
we note that pollock Pollachius virens, which are
usually found in deeper water (Cargnelli et al. 1999),
were seen in our study feeding in the relatively shal-
low bays of Maine. Yet, when observed via under -
water video, 75% of the sightings were away from
the dock, suggesting a possible aversion to docks
due to reduced light or the presence of a novel struc-
ture and again supporting a peak in abundance in
the vicinity, rather than directly underneath docks
(Munsch et al. 2014).

Evaluating the applied methods

Squidpops are designed to ‘provide reliable, stan-
dardized data within 24 h on relative rates of feeding
by common generalist predators’ (Duffy et al. 2015,
p. 15). Our study supports this statement; a clear,
overarching pattern in consumption was found across
latitudes as well as a significant distinction among
habitats at the end of deployment. However, our re-
sults also show extreme site-specific variability. Al-
though some of this variability may be induced by
site-specific abiotic or biotic factors that are unquanti-
fied in the present study (e.g. predator density, habi-
tat-specific light regimes, pollution, fishing pressure),
some of the variability is likely also attributable to the
method itself. For example, the presence of a single
fish may determine the fate of the bait on many squid-
pops in an assay. Two sites in North Caro lina experi-
enced unusually high rates of bait loss (>90%) after
the first hour. Corresponding with the high consump-
tion measurement was the presence of the northern
puffer Sphoeroides maculatus, seen both through video
and visual observations. S. maculatus is known to be
an extremely opportunistic feeder that has strong,
parrot-like jaws and prefers a sand bottom (Sibunka &
Pacheco 1981, Fraser et al. 2012). The benthic compo-
sition of these 2 sites was sandier than the other sites
in North Carolina (Table 1). Furthermore, the fishing

line used to secure the squid bait was cut at one of the
sites, which suggests that a single individual S. macu-
latus may have been responsible for at least part of
the high rates of consumption. In addition, 2 Haemu-
lon plu mierii were seen consuming at least 4 squid-
pops at 1 site in Florida. While these anecdotal obser-
vations along with the high site-specific variability
suggests that subtle, site-specific patterns in con-
sumption may be difficult to disentangle using squid-
pops, our results clearly show that the high level
of noise present at single sites is easily overridden
by large-scale geographic patterns, especially if ade-
quate statistical techniques that allow for the specifi-
cation of site-level random effects are employed.

While stochasticity of the squidpop method is dif -
ficult to reduce, but can be addressed through ana-
lytical means, sufficient replication, and possibly a
more detailed quantification of the prevailing biotic
and abiotic conditions at each site, there are several
other techniques that may increase the robustness of
measurements taken. However, we note that none of
these improvements is likely to make squidpops a
panacea to disentangling predation strength. An
increased frequency of monitoring would provide
results on a finer scale and potentially parse out
 random variability based on physical factors, but
strongly decreases the user-friendliness of the squid-
pop method. Varying bait size may also improve the
method. Duffy et al. (2015) stated that it is very diffi-
cult for smaller fish (<10 cm in size) to remove the
bait from a squidpop. If smaller bait was used along
with the normal bait size, feeding rates of smaller as
well as larger fish can be included and lead to a bet-
ter understanding of the overall consumption pres-
sure. Finally, the bait could be attached at varying
heights on the garden stake to measure consumption
intensity of multiple predation types. In Maine, the
abundance of benthic invertebrate predators seen on
the underwater video was considerably higher than
at the other 3 locations. Therefore, it is possible that
benthic invertebrates play a much more significant
role in the food web at higher latitudes. Adding a
piece of bait to the bottom of the stake would poten-
tially allow for a quantification of the role of these
species. However, it is possible that both methods
will simply cause species already feeding on the
squidpops to consume more.

In terms of assessing predator communities, both of
the underwater video methods were unsuccessful and
only yielded qualitatively valuable data. This may be
due to a variety of factors, including visibility and spe-
cies interactions. Visibility was relatively low at sites
of BRUV deployment (North Carolina and Florida)
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and could have resulted in the low numbers of fish
seen. Similarly, in the northern latitudes where the
squidpop video was deployed (Massachusetts and
Maine), little to no consumption took place within the
first hour and therefore resulted in a low number of
fish seen. Furthermore, Lowry et al. (2012) suggested
that fast-acting species may ‘colonize’ the bait early
on, which may exclude other species from interacting
with the BRUV. The minimal results may also be a
consequence of the randomness of mobile marine
predators. Developing a ‘game camera’ apparatus
might improve this method. Peterson et al. (2001) de-
veloped an underwater design for a chronographic
tethering device that was able to record the exact time
that a piece of tethered bait was taken through the
completion of an electrical circuit. This same concept
could be used to create a photographic device that
records the identity of a consumer when the bait from
a squidpop is taken. While this technique may be ex-
pensive and technologically difficult due to the limita-
tion of waterproofing, the data provided would more
accurately depict the diversity of species feeding on
squidpops. Other potential methods of quantifying
the predator community would be underwater visual
censuses and angling, although these methods also
have inherent biases (Willis et al. 2000).

Conclusion

Our results show that consumption pressure
strongly and predictably varies across 17° of latitude
along the US east coast, which supports the biotic
interactions hypothesis. We further demonstrate that
consumption rates are consistently lower under
docks compared to nearby undeveloped areas, which
suggests generality in the locally reported differ-
ences between docks and natural habitats in terms of
ecosystem functioning. Given the increasing preva-
lence of large-scale, anthropogenic disturbances on
ecosystems, global studies are becoming more and
more essential to our understanding of ecological
patterns and processes, as well as the effects of
human influence on the biosphere. While not without
limitations, the methods and results presented in the
present study may provide a good stepping stone for
future standardized, reproducible studies over a
large geographic scale. In addition, we suggest that
the future investigation of artificial habitats such as
docks may aid our understanding of anthropogenic
impacts on ecological processes, as these habitats are
often situated in environments where anthropogenic
pressure is high and ever-increasing.
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