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Abstract
We examined if restored connectivity within a freshwater coastal wetland, dominated by invasive Typha x glauca, can increase
the ecological condition, as assessed by a Floristic Quality Index (FQI), and improve habitat to benefit northern pike (Esox lucius)
reproduction. Using an aquatic excavator to simulate natural rivulets, channels were excavated within monotypic Typha stands to
create a link to upslope wet meadows. Following excavation, we found channels were rapidly colonized by native vegetation,
resulting in higher FQI scores and percent cover of short-emergent vegetation compared to natural reference channels. Excavated
channels also retained a community of vegetation with more native species five years following excavation. Fish emigration
surveys revealed that excavated channels functioned as early-life habitat and had higher abundances of young-of-the-year
northern pike than reference channels. A seven-year dataset (2011–2017) of northern pike outmigration at channel connectivity
and pothole complexes was strongly related to water level conditions during the spawning and emigration period. We conclude
that the enhancement methods increased the ecological condition of the vegetation community (i.e., FQI) suppressed by invasive
Typha while the associated northern pike reproductive success highlights the importance of habitat connectivity and periodic
flooding within coastal wetlands.
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Introduction

Ecological evaluations of enhanced wetlands are well docu-
mented for salt marshes (Minello and Webb 1997; Dionne
et al. 1999; Williams and Zedler 1999; Havens et al. 2002;
Larkin et al. 2008; Weinstein and Litvin 2016). Less research,
however, has been applied to habitat restoration within coastal

wetlands in freshwater systems, especially for wetland-
dependent fishes (e.g., Oele et al. 2015; Landress 2016), with-
in a context of hydrodynamic regulation (Poff et al. 1997;
Freeman et al. 2001) and invasive Typha (Boers et al. 2007).
The regulated hydrology of Lake Ontario and the St.
Lawrence River (LOSLR) and its coastal wetlands provides
an opportunity to examine these management influences in a
large freshwater system. The Robert Moses Saunders Power
Dam in the upper St. Lawrence River is used to regulate dis-
charge to manage water levels in adherence of policies set by
the International Joint Commission (IJC) through its St.
Lawrence River Board of Control. Dam operations from
1958 to 2017 followed the regulation mandate of Plan
1958D until Plan 2014 was enabled in January of 2017. Past
regulation is known to have suppressed the magnitude and
periodicity of water level fluctuations (Farrell et al. 2010)
and system-wide ramifications to multiple interests have been
demonstrated (IJC 2014). Coastal wetlands throughout the
region experienced a shift in vegetation composition to those
dominated by invasive cattail Typha x glauca (Godr.) resulting
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in reduction of wet meadow habitats (Wilcox et al. 2008;
Farrell et al. 2010; Rippke et al. 2010; Wilcox and Bateman
2018). Typha x glauca is the hybrid of the native broad-leaved
(T. latifolia (L.)) and the introduced narrow-leaved cattail
(T. angustifolia (L.)) (Smith 1967). Because T. x glauca ex-
hibits hybrid heterosis and spreads vegetatively, it can produce
large dense mats (Galatowitsch et al. 1999) and may flourish
with water level fluctuation suppression (Boers and Zedler
2008; Wilcox et al. 2008). Thus, under Plan 1958D, T. x
glauca has spread and accumulated litter (Vaccaro et al. 2009).

The expansion and dominance of Typha within coastal
wetlands, along with system hydro-pattern alteration, has
demonstrated impacts on wetland dependant fishes, as con-
nectivity and accessibility to coastal wetland habitat is crit-
ical to their life-cycle (Jude and Pappas 1992). Northern pike
(Esox lucius), a top predator in the St. Lawrence River,
(Farrell et al. 2006) preferentially spawns over flooded wet
meadow habitats during spring before juveniles emigrate to
deeper waters (Farrell 2001; Cooper et al. 2008). Although
northern pike will spawn in deeper water when access to
preferred spawning habitat is blocked (Farrell 2001;
Cooper et al. 2008), early-life survival and recruitment is
low from these habitats (Farrell et al. 2006). Thus, lost ac-
cess to historical reproductive habitats (e.g. wet meadows;
Farrell 2001; Cooper et al. 2008) from the expansion of T. x
glauca and changes to hydrodynamics are thought to be
associated with reduced reproductive success, contributing
to a population decline of northern pike in the upper St.
Lawrence River (Smith et al. 2007).

Increased efforts are underway to enhance freshwater
coastal wetlands impacted by invasive Typha to improve
lateral floodplain connectivity and provide access for
spawning fish. Excavated channels and pool complexes have
been created in areas blocked by Typha in an effort to re-
connect mainstream tributaries with remnant upslope wet
meadow habitat. Channel excavation has also been imple-
mented to promote colonization of native vegetation from
the seed bank buried beneath the accumulated Typha litter
(Lishawa et al. 2015). Greenhouse experiments previously
demonstrated that buried seed banks in coastal wetlands of
the St. Lawrence River remain viable despite the spread of
T. x glauca (Farrell et al. 2010). What remains uncertain is
whether native vegetation can colonize channels once the
seed bank is exposed, or if T. x glauca and its accumulated
litter will inhibit colonization of native vegetation (Farrer
and Goldberg 2009; Larkin et al. 2012). Excavated channels
may promote native vegetation colonization that was re-
placed by T. x glauca expansion and improve the ecological
condition from increased cover of beneficial plant species
within and along created channels (Schummer et al. 2012).
Consequently, improved vegetative condition could enhance
spawning and early nursery habitat opportunities for north-
ern pike (Bry 1996).

We therefore examined vegetation response of channel ex-
cavation compared with existing reference channels that re-
ceived no enhancement with emphasis on northern pike repro-
duction and physical and environmental habitat conditions.
We also used a longer term dataset from excavation and ref-
erence sites to examine the effect of hydrologic conditions
(e.g. water levels) on northern pike emigration abundance.

Methods

Study Area

French Creek is a drowned river mouth tributary within the
Thousand Islands region of the upper St. Lawrence River
(Fig. 1) and serves as important coastal wetland spawning
and nursery habitat for northern pike. The main stem of
French Creek is characterized by a mix of submersed aquatic
vegetation (SAV; e.g., Myriophyllum spicatum, Zizania
palustris) and floating-leaved vegetation (e.g., Nymphaea
odorata and Hydrocharis morsus ranae). Within the flood-
plain and along the edges of the main channel, dense stands
(~10–20 stems per m2) of robust-emergent vegetation domi-
nate (e.g., primarily T. x glauca and T. angustifolia), while
narrow bands of wet meadow habitat, primarily sedges
(Carex spp.) occur at groundwater seeps and rivulets upslope
that became inaccessible to fish by Typha expansion (Farrell
et al. 2010).

To restore connectivity and accessibility to wet meadow
habitat by fish, enhancement channels were created in
French Creek with an amphibious aquatic excavator by the
US Fish and Wildlife Service, Partners for Fish and Wildlife
Program, New York Field Office, Cortland NY. Channel ex-
cavation sites were chosen based on proximity to wet meadow
habitat to the main channel and where historical aerial imagery
identified previous channels that had been filled by Typha.
The first two enhancement channels, 164 and 256 m length,
were excavated in fall 2008 and reconnected French Creek
with wet meadow approximately 1531 m2 and 3202 m2 re-
spectively (Fig. 1). A substantially longer channel was exca-
vated in fall 2010 measuring 807 m and reconnected 8457 m2

of wet meadow to the main stem (Fig. 1). All enhanced chan-
nels were designed to create somemeandering and were about
1–2 m width, with an approximate depth of 0.5 m. Width and
depth of the excavated channels approximated that at refer-
ence sites. Dredge spoil was side-casted along riparian zones.
To evaluate excavated channels, existing channels in French
Creek that remained unblocked, but bordered by Typha, were
selected as reference sites (n = 3; Fig. 1). The reference sites
were assumed to be representative of small connecting chan-
nels (lengths ranged between 98 and 218 m) available follow-
ing Typha expansion. One reference channel was selected to
survey both vegetation and emigrating northern pike, while
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two additional reference channels were used for either vege-
tation or emigrating northern pike sampling (Fig. 1).

Vegetation Sampling

The response of vegetation to channel excavation was
compared between the first two excavated channels and
two randomly selected reference channels for five con-
secutive years (2009–2013). Longitudinally, at each site,
at least one 30.5 m-length channel segment was
established, using a random number generator to deter-
mine a vegetation sampling transect location. The num-
ber of vegetation sampling transects established at each
of four channels was in proportion to its total length. At
each segment, a lateral transect that bisected the channel
was established with five permanent vegetation plots
(1 m2). Vegetation plots were positioned at channel mid-
point, each riparian edge and 1.5 m from the riparian
edge to capture vegetation response of its immediate
floodplain. Overall, 95 permanent vegetation plots were
established, 50 plots (10 transects × 5 plots per transect)
at enhancement channels and 45 plots (9 transects × 5
plots per transect) at reference channels. All vegetation
plots were sampled annually during peak growing

season from 2009 to 2013, except in 2009 when the
survey was done in September. In each quadrat we
identified all vascular plants and visually estimated per-
cent coverage for each species. We also counted indi-
vidual live Typha stems and recorded maximum Typha
height. All plants were identified to the lowest observ-
able taxon and if necessary specimens were brought
back to the lab for identification.

Vegetation Analyses

The vegetation response in riparian edge and floodplain plots,
and channel habitat was analyzed separately. We calculated an
overall importance value (IV) for each species as:

IVi ¼ Rf iþ RCi

where for species i, IVi was defined as the sum of the relative
frequency (Rfi) and the relative cover (RCi) of species i
(Wilcox and Meeker 1991). Relative frequency (Rfi) was the
sum of species incidence i in all plots divided by the sum of
species occurrences in all plots. Relative cover was defined as
the sum of cover of species i in all plots divided by the sum of
cover of all species in all plots. Importance value for each
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Fig. 1 French Creek showing excavated channels with reconnected wet
meadow habitat; stars indicate locations of juvenile fish emigration nets at
exits of enhancement channels (n = 5) and reference channels (n = 2) and
locations of vegetation transects are depicted by the circled V. Location of

reference channels (R) indicated with an arrow and labelled with whether
the reference channels were surveyed for emigrating northern pike (n),
vegetation (v) or both (nv). Bottom insets provide 2015 orthoimagery
(orthos.dhese.ny.gov) of an excavated channel and spawning pool complex

http://orthos.dhese.ny.gov


species was averaged across the five years, ranked in order of
highest to lowest and qualitatively compared between
treatments.

Channel Vegetation

For each year and channel type (excavated and reference), we
compared species proportions among six structural categories:
algae (filamentous), macroalgae, floating-leaved, submersed
fine-leaved, submersed broad-leaved, and emergent. An Bother^
category was included for plants not fitting a category. We also
compared percent cover of combined submersed categories be-
tween treatments to infer fish habitat in the excavated channels.

Riparian Vegetation

The riparian Bedge habitat^ plots on each side of channels were
averaged by transect and two Bfloodplain habitat^ plots located
1.5 m landward from the channel’s edge were averaged. Each
riparian habitat type was analyzed separately to determine if
habitat responded differently based on distance from the channel.
We also pooled data between edge and floodplain habitats to
provide a representative riparian zone measure between channel
types. Three metrics were used to evaluate vegetation response
following excavation to infer habitat quality from a fisheries
perspective, and included percent cover of robust-emergent veg-
etation, percent cover of short-emergent vegetation, and the
Floristic Quality Index (FQI) score.

Percent cover of robust-emergent vegetation was evaluated
as a physical barrier that impedes access to preferred spawning
habitat for northern pike and consisted of Typha and
Phragmites australis. Percent cover of short-emergent vege-
tation included sedges, grasses (e.g., Poaceae spp.) and rushes
(e.g., Juncaceae spp.) (n = 33 taxa total) that were historically
dominant prior to T. x glauca expansion (Rippke et al. 2010)
and considered preferred spawning habitat for northern pike
(Farrell 2001). Finally, the FQI was used to measure the over-
all ecological condition of wetlands that accounts for the entire
vegetation species assemblage of a site within Great Lakes
coastal wetlands (Bourdaghs et al. 2006).

The FQI was determined using coefficients of conserva-
tism (C) that range in value between 0 and 10, and represent
the estimated probability that a plant is likely to occur in an
unaltered pre-European settlement landscape condition
(Wilhelm 1977; Swink and Wilhelm 1994; Taft et al. 1997).
Coefficients of conservatism of 0 are assigned to ubiquitously
distributed plants, while a C of 10 is applied to plants that are
nearly restricted to un-impacted habitat (pre-settlement rem-
nant). FQI was calculated following:

FQI ¼ C*
ffiffiffiffi

S
p

where C was the mean C score and S was the number of
species. We used C scores from Michigan (Herman et al.
2001) because well-established C scores do not exist for
New York State (Bried et al. 2012). Species without a listed
C value were given the average C score for that genus, while
exotic species received a score of 0. An FQI score was com-
puted for each habitat type per transect and higher FQI scores
represent higher quality habitat based on the product of com-
munity composition and species richness (i.e., ecological
condition; Bourdaghs et al. 2006).

Vegetation metrics were compared between excavated and
reference channels with linear mixed effect models (LMM) in
lmerTest (version 3.0–1; Kuznetsova et al. 2017) (R package
lme4 version 1.1–17; Bates et al. 2015). Channel type and
year, and their interaction, were considered fixed effects,
while specific transects (i.e., intercept) and year (i.e., slope)
were set as random factors. Likelihood ratio tests were used in
our selection of transect-by-year random slopes and intercept
models over random intercept-only models due to their signif-
icantly better fit to the data for some habitat metrics (i.e., FQI
scores and SAV cover).

Satterthwaite approximation procedure (lmerTest, R pack-
age lme4) was used to test for significant main effects and
their interaction for all habitat variables at α = 0.05, with a
primary focus to examine differences between the natural
and restored channels. Channel type by year interactions,
however, were plotted and visually inspected to evaluate gen-
eral patterns in response of vegetation to excavation among
years. Differences between channel type for each year was
evaluated with independent mixed-effect ANOVAs where
transects were a random factor nested within channel type.

Finally, to assess vegetation similarity between channel
types, we used nonmetric multidimensional scaling (NMS)
(PRIMER, version 6.1; Clarke and Gorley 2006). The Bray-
Curtis method was used to determine community similarity
and ordinate vegetation plot assemblages in two dimensions.
One-way analysis of similarity (ANOSIM) was used with
9999 permutations to test for differences between assem-
blages. The ANOSIM test statistic, global R, was calculated
following bootstrapping where the observed R value was
compared against a random distribution of R to determine its
significance (Clarke 1993). The global R values range from
−1 to 1, with values closer to 1 indicating dissimilarity be-
tween groups, values near 0 indicating no differences between
groups and values closer to −1 indicating similarity between
groups (Clarke and Warwick 2001).

Northern Pike Response to Excavation

Emigrating northern pike were sampled during late spring and
early summer of 2011, 2012, and 2013 with outmigration traps
set at the openings of enhancement and reference channels. In
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2011, a minnow trap with a 2.54 cm opening, wrapped and sewn
with 0.8 mm nylonmesh to the top and center of a 0.8 mm nylon
mesh panel 366 cm in length, 122 cm in height, was buoyedwith
floats and weighted with a lead core line. The trap was deployed
with three reinforcing rods; two across the channel opening and
one to the minnow trap stretched downstream in the channel
center. For 2012 and 2013, emigration traps were modified to
allow greater water flow and space in the holding pen to mini-
mize fish mortality. The new trap consisted of three connected
60 cm diameter hoops with 2.54 cm throats, a mesh size of
1.6 mm and the same attachment design as the previous trap.
Both traps spanned the entire channel opening to prevent immi-
gration and capture all emigrating fishes. Traps were emptied
every 24–48 h and all fish caught were identified to species,
counted and released. Traps were deployed to coincide with the
timing of northern pike juvenile outmigration and occurred from
2-June to 1-July in 2011, 23-May to 20-June in 2012 and 4-June
to 1-July in 2013.

Comparisons of emigrating young-of-the-year (YOY)
northern pike were made between channel types after catches
were standardized by catch-per-unit-effort (CPUE; number of
YOY northern pike caught per 24 h per net or net-night). For
each year, daily CPUE was nested within channel type and
treated as a random factor in a LMM with lmerTest (R pack-
age lme4) where channel type and year were fixed factors.
Main effects and treatment-by-year interaction were assessed
using the Satterthwaite procedure at α = 0.05.

Environmental variables were evaluated for differences be-
tween channel types for 2011, 2012 and 2013. Water temper-
ature (± 0.1 °C) was recorded with Onset HOBO ProV2 data
loggers at each net every two-hours from mid-depth.
Recorded temperatures were then converted to a Mean Daily
Temperature (MDT) and averaged by treatment per day.
Dissolved oxygen concentration ([DO]) was measured with
either the YSI 55 Dissolved Oxygen (polarographic sensor)
or an YSI ProOdo (Optical sensor) meter at each daily emi-
gration trap check. Dissolved oxygen was measured during
daylight (0830 – 1600 h) from the surface, mid-depth and
bottom of the water column. Dissolved oxygen concentrations
were averaged from the three measurements and treatment
specific daily means were used to compare channel types
among years. Both MDT and [DO] were compared between
channel type and among years in the samemanner as CPUE of
emigration YOY northern pike.

Finally, daily water levels (mIGLD85) representing the
northern pike spawning and emigration period (1-April to 1-
July) were downloaded from the NOAA monitoring station
located in Alexandria Bay, NY. (ABAN6–8311062; https://
tidesandcurrents.noaa.gov/waterlevels.html?id=8311062).
Data was used to evaluate potential relationships between
habitat connectivity and outmigration CPUE for 2011 and
2013, but a larger dataset from excavated channels (n = 3),
reference sites (n = 11), and excavated spawning pool

complexes (n = 5; Massa and Farrell, accepted pending
revision) was compared for 2011 to 2017 that followed the
same fish survey protocol. Spawning pool complexes were
excavated within dense Typha along French Creek as a series
of pools and connecting channels in enhancements led by
Ducks Unlimited (Fig. 1) and were designed to improve hab-
itat, create new northern pike spawning habitat, and increase
connectivity to upslope wet meadows. Total area of habitat
created by pools was 1.36 Ha, where individual pools aver-
aged (±SE) 0.04 ± 0.005 Ha.

Hierarchal modeling was used to determine the influence
of water levels on northern pike outmigration patterns with the
Bpcount^ function of the R-package Bunmarked^ (version
0.12–2). Because pcount is based on a Poisson distribution,
each site was considered a replicate (n = 19) and total abun-
dance of juvenile northern pike caught during the entire
outmigration period was the response. Due to differences in
set duration of nets among years and sites, total net-nights per
site per year was used in modeling to account for varying
effort, as well as whether habitat type (i.e., excavated or ref-
erence) influenced outmigration. Thus, water levels and effort
were considered observation-level covariates, while habitat
type was a site-level covariate in modelling routines. Main-
effect and additive models were compared using AICc with
the R-package BAICmodavg^ (Mazerolle 2017) to rank
models, while Chi-square goodness-of-fit tests were per-
formed using the BNmix.gof.test^ function in BAICmodavg^
to evaluate the fit of the data and estimate c-hat.

Results

Vegetation Response

Over five-years, 50 plant species were identified within en-
hancement channels (n = 10 plots), while 35 species were
found in reference channels (n = 9 plots). Both channel types
shared 48% of the species pool, including those with the
highest importance values. In enhancement channels,
Spirodela polyrhiza (36%), Ceratophyllum demersum (31%)
andHydrocharis morsus-ranae (19%) had highest importance
values (Table 1). Similarly, Spirodela polyrhiza (48%) and
Hydrocharis morsus-ranae (34%) were top ranked by impor-
tance values at reference channels, while Wolffia sp. (22%)
ranked third (Table 1). For channel vegetation, 38% of the
total species pool was found exclusively in enhancement
channels and included Elodea canadensis (16.2%) and
Zizania aquatica (4.9%). In contrast, 14% of the species pool
was found exclusively in reference channels highlighted by
non-native Typha x glauca (8.9%; Table 1).

Structural categories revealed prominence of floating-
leaved vegetation at reference channels from 2010 onward,
while fine- and broad-leaved SAV were favored at
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enhancement channels (Fig. 2). With SAV categories com-
bined, we found a significant interaction between channel
types and year (LMM: F4, 59 = 3.854, p = 0.007), because per-
cent cover of SAV increased at enhancement channels, but
remained relatively stable at reference sites (Fig. 3).
Consequently, SAV percent cover was significantly higher in
enhancement than reference channels in 2011 (p = 0.01), 2012
(p = 0.005) and 2013 (p = 0.02; Fig. 3), and when pooled
among 5-years percent cover of SAV (mean ± SE) was signif-
icantly higher at enhancement channels (52.2 ± 7.6%) than
reference channels (19.8 ± 8.0%; p = 0.009; Fig. 3).

We found 134 species of plants growing in riparian areas
(edge and floodplain) of enhancement channels (n = 32 plots)
compared with 60 species at reference channels (n = 36 plots).
Importance values indicated that T. x glauca was the top ranked
taxon at the enhancement (33%) and reference channels (70%),
while rank order of other taxa differed between channel types
(Table 1). Carex lacustris (11.1%) and invasive species, Acorus
calamus (5.5%) and Phragmites australis (2.8%) were only
found in riparian enhancement channel plots.

In response to excavation, enhancement channels experi-
enced increased FQI scores and percent cover of short-
emergent vegetation and appeared to coincide with declines
of robust-emergent vegetation at edge and floodplain habitats
(Fig. 4). Significant within-year differences occurred between
channel types (p ≤ 0.05) after 2011 for FQI scores and percent
cover of short-emergent vegetation (Fig. 4a, b), while differ-
ences in cover of robust-emergent vegetation was pronounced
in 2009 (Fig. 4c). Although treatment-by-year interactions
were weak or not apparent when edge and floodplain habitats
were examined independently, within year differences be-
tween channel types were similar (Fig. 4). Thus, when data
were pooled among years, FQI scores were significantly
higher at enhancement than reference sites for both floodplain
(LMM: F1, 17 = 11.28, p = 0.004) and edge habitats (F1, 17 =
4.34, p = 0.05; Fig. 4a). Percent cover of short-emergent veg-
etation was also significantly higher at enhancement than ref-
erence channels for floodplain habitat (F1, 17 = 5.85, p = 0.03)
but marginal for edge habitat (F1, 17 = 3.60, p = 0.08; Fig. 4b).
In contrast, percent cover of robust emergent vegetation was

Table 1 Importance values for
enhancement (E) and reference
(R) channels and riparian vegeta-
tion, averaged over 5-years.
Species correspond to rank order
of importance values at enhance-
ment sites. Non-native species are
shown in bold; those with a hypen
had an IV ≤1

Channel vegetation Riparian vegetation

Importance value Importance value

Species E R Species E R

Spirodela polyrhiza 36.4 48.2 Typha x glauca 33.4 69.9

Ceratophyllum demersum 30.8 16.7 Spirodela polyrhiza 13.7 21.5

Hydrocharis-morsus ranae 19.3 34.4 Calamagrostis canadensis 11.7 11.3

Wolffia sp. 13.2 22.2 Carex lacustris 11.1 –

Elodea canadensis 16.2 – Hydrocharis-morsus ranae 9.1 22.2

Lemna minor 12.8 14.4 Carex spp. 8.8 2.0

Potamogeton zosteriformis 7.9 5.4 Typha angustifolia 6.3 3.1

Lemna trisulca 6.6 2.6 Acorus calamus 5.5 0.0

Potamogeton pusillus 5.3 7.7 Cicuta bulbifera 5.4 3.9

Zizania aquatica 4.9 – Campanula aparinoides 5.0 4.5

Myriophyllum spicatum 4.8 1.5 Lysimachia thyrsiflora 4.9 5.7

Myriophyllum sp. 4.6 8.0 Galium trifidum 3.6 4.6

Potamogeton spp. 4.4 2.4 Scutellaria galericulata 3.1 2.2

Myriophyllum sibiricum 4.1 0.0 Galium tinctorium 3.0 2.0

Algae 3.6 3.5 Lemna minor 2.9 8.5

Utricularia vulgaris 3.5 3.7 Wolffia sp. 2.9 6.2

Utricularia sp. 2.7 1.6 Phragmites australis 2.8 0.0

Polygonum amphibium 2.5 – Lysimachia sp. 2.6 2.6

Chara sp. 2.5 – Lycopus virginicus 2.6 –

Vallisneria americana 1.7 – Bidens cernua 2.4 –

Typha x glauca – 8.9 Bidens frondosa – 2.7

Calamagrostis canadensis – 1.8 Carex comosa – 2.6

Potamogeton pectinatus – 1.7 Lycopus uniflorus – 2.3

Lycopus uniflorus – 1.6 Ceratophyllum demersum – 1.9

Eleocharis sp. – 1.5 Impatiens capensis – 1.7

Carex spp. – 1.4
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lower at enhancement channels at floodplain (F1, 17 = 8.17,
p = 0.01) and edge habitats (F1, 17 = 8.32, p = 0.01; Fig. 4c).

With pooled edge and floodplain plots that represented the
riparian zone, differences between the excavated and refer-
ence channels were pronounced, as treatment effects were
found for each habitat metric pooled among years (F1, 17 >
5.90, p ≤ 0.03; Fig. 5). Treatment-by-year interactions for FQI
scores and percent cover of robust emergent vegetation were
also more robust (LMM: F4, 68 > 2.90, p < 0.03), indicating
increased ecological condition (i.e., increased diversity and
community composition of native species) through time
(Fig. 5a and c respectively). When annual data were exam-
ined, both FQI scores and cover of short-emergent vegetation
tended to be higher at enhancement sites than reference chan-
nels for most years (p ≤ 0.10; Fig. 5a, b), while percent cover
of robust-emergent vegetation was significantly lower at en-
hancement channels in 2009 (p = 0.01) and 2013 (p = 0.02;
Fig. 5c).

When data were pooled among years, maximum height of
Typha was lower at enhancement (2.19 m ± 0.04) relative to
reference sites (2.54 m ± 0.03) (LMM: F1, 17 = 18.42,
p < 0.001). Generally, Typha height at enhancement channels
tended to increase with time since excavation, but with the
exception of 2012, Typha maximum height was significantly
lower at enhancement sites each year (p < 0.02). Mean Typha
stem density, however, did not differ statistically between en-
hancement (21.6 ± 1.0 stems/m2) and reference sites (25.1 ±
0.9 stems/m2) when data were pooled among years (LMM: F1,
17 = 2.20, p = 0.16).

In support of observed patterns, the NMS model revealed
two distinct vegetation assemblages for the reference and en-
hancement channels (Fig. 6). Assemblages of riparian vegeta-
tion differed significantly between channel types in 2009
(ANOSIM Global R = 0.304), 2010 (ANOSIM Global R =
0.164), 2011 (ANOSIM Global R = 0.21), and 2013
(ANOSIM Global R = 0.25; Fig. 6).

Fig. 2 Relative percent cover of
aquatic vegetation for seven
structural categories: emergent,
floating-leaved, broad-leaved
submersed, fine-leaved sub-
mersed, algae, and other in en-
hanced (E) channel plots (n = 10)
and reference (R) channel plots
(n = 9) 2009 to 2013

Wetlands (2019) 39:921–934 927

Fig. 3 Mean percent cover of submerged aquatic vegetation (SAV) at mid
channel between enhancement (white bars) and reference sites (grey bars)
with box and whisker plots. Mean (x) and median (line) within the boxes,
each box represents upper 75th and lower 25th percentile. Bars represent

minimum and maximum values, and circles denote outliers. Statistically
significant differences between channel type each year denoted with as-
terisks based on mixed-effect nested ANOVAs, (df = 1,17, α = 0.05)



Northern Pike Response to Restored Connectivity

Between 2011 and 2013, a total of 304 YOY northern
pike were captured emigrating from enhancement chan-
nels, while 74 were caught at reference channels. Daily
CPUE of YOY northern pike, pooled among years, was
significantly higher at enhancement (mean ± SD: 0.63 ±
0.07) than reference channels (0.37 ± 0.08) (LMM: F 1,

379 = 4.197, p = 0.041; Fig. 7). Catches of YOY northern
pike also had a significant year effect (LMM: F 2, 388 =
8.754, p < 0.001) where CPUE was significantly lower in
2012 than in 2011 and 2013, such that catches of northern
pike from excavated channels in 2011 and 2013 were
significantly higher than both channel types in 2012
(Fig. 7). Total catch of northern pike was comparably high
in 2011 (n = 180) and 2013 (n = 183), but approximately
12 times lower in 2012 (n = 15). Moreover, only one
YOY northern pike was caught from reference channels
in 2012. The low numbers of emigrating YOY northern
pike in 2012 did not appear influenced by yearly variation
in overall fish abundances caught by nets. Total fish abun-
dance was lowest in 2011 (n = 2546) and comparably high
catches were observed in 2012 (n = 4145) and 2013 (n =
4479), suggesting an alternative cause for the low catches
of YOY northern pike in 2012.

Environmental Comparison between Channel Types

Mean daily temperatures were significantly higher at enhance-
ment than reference sites each year (p < 0.001; Fig. 8). As a
result, MDT were warmer at enhancement (mean ± SE: 20.3 ±
0.26 °C) than reference channels (18.4 ± 0.28 °C) when pooled
among years (LMM: F1, 245 = 179.00, p < 0.001). By channel
type, we also found a year effect (LMM: F2, 69 = 3.23,
p = 0.04) where MDT in 2012 (mean ± SE: 20.1 ± 0.49 °C)
was higher than in 2013 (18.5 ± 0.43 °C; p = 0.04), while MDT
in 2011 (19.5 ± 0.42 °C) did not differ from the other years.
Mean [DO]was also higher at enhancement than reference chan-
nels each year (p < 0.01; Fig. 8) and higher at enhancement
(mean ± SE: 4.13 ± 0.16 mg/L) relative to reference channels
(2.31 ± 0.20 mg/L) when pooled among years (LMM: F1, 285 =
81.23, p < 0.001). We also found a year effect (LMM: F2, 73 =
14.97, p < 0.001), where [DO] was comparably low in 2011
(2.34 ± 0.26mg/L) and 2013 (2.91 ± 0.25 mg/L), but significant-
ly higher in 2012 (4.43 ± 0.29 mg/L; p< 0.001).

Water Level Effect on YOY Northern Pike Emigration

Qualitatively, catches of YOY northern pike appeared related
to hydrologic conditions during spring spawning and emigra-
tion periods (1- April to 1-July). Between 2011 and 2013,

Fig. 4 Box-plots of floodplain
riparian (left panels) and edge
(right panels) habitats between
enhanced (grey) and reference
channels (white) among years for
(a) Floristic Quality Index, (b)
percent cover of short-emergent
(SE) vegetation, and (c) percent
cover of robust-emergent (RE)
vegetation. Mean (x) and median
(line) indicated, each box repre-
sents upper 75th and lower 25th
percentile. Bars represent mini-
mum and maximum values, and
circles denote outliers.
Statistically significant differ-
ences between channel type each
year denoted with asterisks based
on mixed-effect nested ANOVAs
(df = 1,17, α = 0.05)
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mean water levels were highest in 2011 (mean ± SD: 74.97 ±
0.21 mIGLD85), followed by 2013 (74.77 ± 0.16 mIGLD85)
and lowest in 2012 (74.76 ± 0.03 mIGLD85) (Fig. 9). When
the timing of peak water level was examined, those from 2011
and 2013 occurred in June (75.26 and 75.02 mIGLD85, re-
spectively) and corresponded with northern pike emigration.
In contrast, peak water level in 2012 occurred in mid-April
(74.85 mIGLD85), when spawning northern pike would ac-
cess upslope habitats, but levels declined by ~ 0.10 m when
YOY were expected to emigrate (Fig. 9).

Between 2011 and 2016, mean water levels had a range of
0.29 m (Fig. 9). Mean water levels (±SD) in 2017 (75.46 ±
0.21 mIGLD85), however, exceeded the second highest water
year by 0.45 m (i.e., 2011) and was 0.63 m higher than the
average water level of the preceding 6 years, indicative of an
extreme high water event (Fig. 9). Corresponding with high
water levels in 2017, when site specific CPUE of out-
migrating YOY northern pike was ranked among years (n =

63), nine of the 10 highest CPUEs recorded occurred in 2017,
resulting in substantially higher catches that year (Fig. 10).

Hierarchal modelling further suggested that water levels
were a primary factor in the high catches of northern pike in
2017. Although none of the models had a strong fit to the data
based on goodness-of-fit testing and c-hat comparisons
(Table 2), the top ranked model from AICc model selection
was the additive model of water levels and effort
(observational-level covariates) followed by the additive mod-
el with the site-level covariate (Table 2). Both observational-
level covariates in the top ranked model had positive coeffi-
cients indicating that higher water levels and greater effort
improved the detectability of out-migrating northern pike;
however, AICc model-average estimates (±95% CI) sug-
gested that water levels (1.52 ± 0.06) had a stronger influence
on detection probability than effort (0.91 ± 0.05).

Discussion

In a Typha-dominated coastal wetland, channel excavation re-
stored connectivity to isolated wet meadow zones, increased
channel riparian vegetation and created functioning northern pike
reproductive habitat. After the dominant Typhawas reduced and
the spoil side-casted, the excavated channels were rapidly colo-
nized by native vegetation. This outcome ismost likely a result of
a newly exposed and viable seedbank (van der Valk 1986;
Hulme and Bremner 2006; Vosse et al. 2008; O’Donnell et al.
2014) that was released from competition by Typha (Farrar and
Goldberg 2009). This mechanism is supported by Farrell et al.
(2010) in a study of transplanted elevation-composited sediments
from nearby Typha dominated St. Lawrence River wetlands into
a greenhouse under two sets of moisture conditions (mesic and
saturated). A diversity of seed bank germinated, with the mesic
treatment producing the greatest plant species diversity.

In addition to physical disturbance caused by excavation
(e.g. spoil), renewed hydrologic connectivity to sedge mead-
ow habitat likely provided a dispersal pathway that may have
promoted colonization of native vegetation (Nilsson et al.
1991; Seabloom and van der Valk 2003; Nilsson et al.
2010). In two years, a unique and more diverse community
of vegetation (as assessed by FQI) was found at excavated
channels relative to reference sites that appeared representa-
tive of conditions expected under natural hydrologic condi-
tions (Wilcox and Meeker 1991; Farrell et al. 2010). The
timeframe that vegetation responded to channel excavation
was similar to that reported by others (i.e., 2–4 years; Keddy
and Reznicek 1986;Wilcox and Nichols 2008) who examined
the response of wetland vegetation under different hydrologic
disturbance regimes. Therefore, the disturbance caused by
channel excavation (both exposed sediments and reduced
competitive dominance of Typha) promoted a diversity of na-
tive plants to germinate (i.e., as assessed by the FQI) despite
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Fig. 5 Box and whisker plots of (a) Floristic Quality Index scores, (b)
percent cover of short-emergent vegetation, and (c) percent cover of robust-
emergent vegetation at the reference (white) and enhancement (grey) channels
among years that were pooled between the edge and riparian habitat zones.
Mean (x) and median (line) within the boxes, each box represents upper 75th
and lower 25th percentile. Bars represent minimum and maximum values,
and circles denote outliers. Differences between channel type each year were
evaluated with mixed-effect nested ANOVAs; asterisks denote statistically
significant differences (α≤ 0.05), while † indicates differences at α ≤ 0.10
and α> 0.05



the lack of complete natural hydrologic disturbance due to
water level regulation under Plan 1958D (Keddy and
Reznicek 1986; Wilcox 2004). It was also apparent that

improvements in habitat quality at enhancement channels,
such as declines in robust-emergent vegetation, and corre-
sponding increases in cover of SAV, short-emergent vegeta-
tion and FQI scores were sustained until the end of the study. It
is still likely that over time invasive Typha will re-encroach
upon the newly exposed riparian channel habitats due to its
dominance in adjacent areas unaffected by excavation
(Wilcox et al. 2018) and known mechanisms of spread
(Larkin et al. 2012).

A primary goal of channel excavation was to remove fish
passage barriers and create hydrologic links to enhance con-
nectivity to isolated wet meadow habitats (i.e., preferred
spawning habitat of northern pike; Casselman and Lewis
1996; Farrell 2001; Cooper et al. 2008) to promote reproduc-
tion. Not only did northern pike find and exploit newly acces-
sible spawning habitat, but habitat and environmental condi-
tions in the excavated channels appeared more favorable for
early-life survival than unaltered reference sites. Although
spawning and larval fish habitat relationships were indirectly
assessed, the higher percent cover of broad- and fine-leaved
SAV in the enhancement channels relative to reference sites

Fig. 6 Two-dimensional NMS
model for plant assemblages from
riparian plots at enhancement
channels (open circles; n = 22)
and reference channels (closed
circles, n = 24) from 2009 through
2013. All ordination plots had a 2-
D stress value ≤0.2. ANOSIM R
values are displayed
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Fig. 7 Mean Daily CPUE of YOY northern pike (NP) between channel
type, among years. CPUE was significantly higher at enhancement than
reference channels with pooled data among years (LMM: F 1, 379 = 4.197,
p = 0.041). A significant year effect was found where abundance of YOY
NPwas significantly lower in 2012 than 2011 and 2013 (LMM: F 2, 388 =
8.754, p < 0.001). Bars not sharing the same letter denote significant
channel type-by-year differences (Tukey; α ≤ 0.05)



suggested higher quality fish habitat (Casselman and Lewis
1996; Randall et al. 1996; Nilsson et al. 2014). Water temper-
atures and [DO] were also significantly higher at the enhance-
ment channels and these two variables are often associated
with increased survivorship and growth for northern pike
(Inskip 1982; Casselman and Lewis 1996; Farrell 2001;
Farrell et al. 2006). Massa and Farrell (accepted pending
revision) similarly report higher temperature and [DO] for

excavated sites in 2016. The lower temperatures and [DO] at
the reference channels are suspected to be influenced by
ground water seepage that maintained these remnant channels
in the face of Typha expansion. Although it is possible that
thermal conditions at the reference channels were influenced
by shading effects of taller Typha and higher cover of floating
leaved vegetation than excavated channels, we feel that this
shading effect was not sufficient to account for the observed
differences in temperatures between the treatments.

Consistently higher catches of YOY northern pike at en-
hancement channels appeared related to accessibility to pre-
ferred spawning habitat, and higher habitat and environmental
quality (Casselman and Lewis 1996; Nilsson et al. 2014).
Excavated channels appeared to function just as well or better
as northern pike early-life habitats than reference sites as ev-
ident by significantly higher YOY CPUE at enhancement
channels between 2011 and 2013 (Holland and Huston
1984; Farrell et al. 2006; Nilsson et al. 2014; Oele et al.
2015). Massa and Farrell (accepted pending revision), used
marked and released pike larvae to evaluate relative survival
between excavation and reference sites in French Creek in

Fig. 9 Mean daily water level
(mIGLD85) during northern pike
spawning and emigration (1-April
to 1-July) from 2011 to 2017.
Data downloaded from
Alexandria Bay, NY (NOAA
buoy station ID: 8311062, https://
tidesandcurrents.noaa.gov/
waterlevels.html?id=8311062)
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Fig. 8 Mean daily temperatures (MDT) from enhanced and reference
channels each survey period (a) and (b) mean daily dissolved oxygen
concentrations. Asterisks indicate significant differences between channel
type within year (p < 0.05)

Fig. 10 Yearly comparison of mean northern pike (NP) CPUE (± SE)
between excavated spawning habitats and reference channels. Data from
2014 was excluded because it consisted of a single data point

https://tidesandcurrents.noaa.gov/waterlevels.html?id=8311062
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8311062
https://tidesandcurrents.noaa.gov/waterlevels.html?id=8311062


2016 and evaluated forage allocation through a study of
zooplanktivory. Consistent with our findings on northern pike
CPUE, channel and pool excavations demonstrated greater
survival rates to emigration relative to reference locations.
Differences in prey density and selection relative to larval pike
diets among channel types showed some interesting dynam-
ics, but did not suggest major prey limitation or reflect any
explanatory effect on survival rates (Massa and
Farrell accepted pending revision).

Johnson (1957) purported a strong relationship betweenwater
levels and northern pike production, while Nilsson et al. (2014)
found strong northern pike reproduction when shallow vegetated
areas were re-flooded. Our data, between 2011 and 2013, also
indicates hydrologic conditions during the spawning and emigra-
tion period influenced northern pike reproduction. Despite con-
sistently catching more YOY northern pike at enhancement
channels each year, total abundance was more than twelve-fold
lower in 2012 than 2011 and 2013. Water levels in 2012 were
among the highest recorded at the beginning of the spawning
period (i.e., peaking by mid-April), but unlike other years, water
levels declined throughout the remainder of the season. We sus-
pect in 2012 northern pike gained access to inundated spawning
habitats in early to mid-April, but the subsequent drawdown
reduced hydrologic connectivity between the spawning habitat
and emigration routes to French Creek and increased early-life
mortality (Johnson 1957; Inskip 1982; Mingelbier et al. 2008;
Nilsson et al. 2014).

Water temperature and [DO] measured in 2012 were similar
or higher than in 2011 and 2013. At both the reference and
excavated channels in 2012, temperature was within the range
considered optimal for the growth of juvenile northern pike (i.e.,
19–21 °C; Casselman 1978), while [DO] was the highest mea-
sured among years. If temperature and [DO] were major contrib-
utors to catches of northern pike, then CPUE in 2012 would
expectantly had been higher, but was significantly lower than
catches at excavated channels in 2011 and 2013.

The relationships between pike, water level and connectiv-
ity within habitat serve to highlight the importance of flow

regime as a master variable in river restoration (Poff et al.
1997; Richter et al. 2003). The influence of hydrologic con-
ditions on natural reproduction of northern pike was most
apparent when combined site data were examined over seven
years. Although, hierarchal modelling indicated that water
levels had a stronger influence of detecting juvenile northern
pike than effort, both variables showed strong positive rela-
tionships. The high water levels in early spring of 2017 pro-
vided greater access to preferred northern pike spawning hab-
itat, while the rising levels during outmigration would have
also maintained connectivity of emigration routes that would
expectantly promote survival from both habitat types (Farrell
2001; Smith et al. 2007; Mingelbier et al. 2008; Foubert et al.
2019). Caution should also be applied, however, when extrap-
olating patterns frommodeling results as the modelling fit was
weak and included an extreme hydrologic event. Additional
years of data that encompass a wider range in water levels, and
inclusion of variables related to natural reproduction and
early-life survivorship of northern pike (e.g., temperature,
[DO]; Smith et al. 2007) may improve predictive value.

We anticipated that higher early spring levels would provide
greater accessibility for northern pike to critical early-life habitats
(Farrell 2001; Cooper et al. 2008), while prolonged low levels are
necessary to alleviate the spread and reduce current densities ofT.
x glauca (Keddy and Reznicek 1986; Wilcox et al. 2008). The
new regulation plan 2014 is designed to allow greater variability
in an attempt to benefit wetland processes (IJC 2014).T. x glauca
is competitively superior to Carex spp. when water levels fluc-
tuations are suppressed and stable (Wilcox et al. 2008).Moderate
high water levels can also facilitate T. x glauca (Farrell et al.
2010) and extreme high water levels (>1 m over plants) in the
growing season can create a die-off (Wilcox 2004; Wei and
Chow-Fraser 2006) but those extremes are beyond plan con-
straints. Low water levels and droughts favor graminoids and
sedge species (Farrell et al. 2010;Wilcox 2004) and would allow
species suppressed by Typha (e.g., Carex spp.) an opportunity to
recolonize disturbed habitat following a flood (Keddy and
Reznicek 1986; Wilcox 2004; Farrell et al. 2010) but changes

Table 2 Model selection based on AICc. With the ranked order of
models based on AICc model selection, delta AICc, and AICc Weights,
goodness-of-fit chi-square statistic (χ2; all models showed poor fit,

p < 0.05), and c-hat estimate. Observation-level (Obs.-level) and site-
level covariates used for each model are identified. The Null model tested
constant detection and abundance

Model K AICc Detla AICc AICc Weight χ2 c-
hat

Obs.-Level Covariate Site-Level Covariate

WL + Effort – 5 2386.49 0.00 0.75 9471 4.3

WL + Effort Habitat 6 2388.64 2.15 0.25 9517 3.6

WL – 4 3105.39 718.90 0.00 31,720 14.1

WL Habitat 5 3105.86 719.36 0.00 26,499 13.1

Effort Habitat 5 4977.23 2590.74 0.00 18,672 14.4

Effort – 4 4978.98 2592.48 0.00 22,395 12.8

Null – 3 4976.98 2589.96 0.00 21,372 12.0
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to seedbanks may prevent such resilience in more modified wet-
land complexes (Frieswyk and Zedler 2006). Concern remains
that connectivity enhancements and natural linkages will be
blocked in the future due to ongoing Typha encroachment and
through the effect of dislodged portions of floatingmats clogging
channels (Farrell et al. 2010; Wilcox and Bateman 2018).
Monitoring these processes in the context of regulation and cli-
matic variation will be important in determining the long-term
viability of connectivity restoration projects.
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