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Natural hydrological fluctuations within river floodplains generate habitat diversity
through variable connections between habitat patches and the main river channel.
Human modification of floodplains can alter the magnitude and frequency of large
floods and associated sediment movement by interrupting these floodplain connections.
The lower Wolastoq | Saint John River and its associated floodplain wetlands
are experiencing anthropogenic disturbances arising from climate change, increased
urbanization in the watershed, changing upstream agricultural landscape practices,
and, most notably, major road and dam construction. By comparing digitized aerial
images, we identified key periods of change in wetland extent throughout an ecologically
significant component of the floodplain, the Grand Lake Meadows and Portobello
Creek wetland complex, with significant erosion evident in coves and backwater areas
across the landscape following dam construction and significant accretion around the
Jemseg River following highway construction. Connectivity and hydrological regime also
influenced other habitat components, namely nutrients and metals retention, as well as
the composition of the local macrophyte community. These findings address two key
aspects of floodplain management: (1) understanding how hydrological alteration has
historically influenced floodplain wetlands can inform us of how the ecosystem may
respond under future conditions, such as climate change, and (2) the mechanisms
by which habitat diversity and disturbance regimes filter biological communities, with
the potential for patches to host a rich biodiversity continuously supporting critical
ecosystem functions.

Keywords: anthropogenic disturbance, multiple stressors, floodplain, wetlands, hydrological alteration, historical
change
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INTRODUCTION

River floodplains are subjected to habitat shaping disturbances,
and as a result, spatiotemporal creation of patch diversity
can promote high biodiversity through niche differentiation
and environmental filtering (Ward et al., 1999; Amoros and
Bornette, 2002; Tockner and Stanford, 2002). This reflects
the Intermediate Disturbance Hypothesis (i.e., few taxa can
survive in habitats with high disturbance and many taxa are
outcompeted by competitive dominants in habitats with low
disturbance; Connell, 1978). Floodplains constitute dynamic
habitats, exhibiting a complex and seasonally variable natural
stress regime for floodplain species; anthropogenic alteration of
the natural state of a floodplain wetland can impose additional
stress on these naturally resilient communities, with potentially
negative consequences for local biodiversity and ecosystem
integrity (e.g., Arias et al., 2018).

Essential characteristics of floodplains, such as shifting
boundaries between lentic, lotic and terrestrial habitats, are
driven by flood pulses (Junk et al., 1989). Flood pulses
cause the vertical and horizontal inundation of the land
surrounding rivers, as fed by groundwater, rain, snowmelt
or ice jams (Junk et al., 1989). Although it was historically
thought that flooding was a stress, (i.e., a chronic drain on
the ecosystem that cannot be overcome by species replacement
or adaptation), it is now realized, on the contrary, that flood
pulses are an essential ecological disturbance, hydrologically
linking the river and its floodplain, and replenishing sediment,
nutrients and biological propagules to floodplain wetlands
(Tockner et al., 2010). Natural hydrological fluctuations within
the wetlands of intact floodplain-river ecosystems create
habitat diversity through altered connectedness of floodplain
patches to the river’s main channel (Amoros and Bornette,
2002). Sediment deposition creates oxbows, swales, backwaters
and levees in the wetlands (Venterink et al., 2006), while
sediment composition and nutrient influx influence plant
community structure (Rejmankova, 2011; Rooney et al., 2013).
Varying degrees of hydrological connectedness of wetland
patches also creates spatial heterogeneity in water temperature,
suspended solids and turbidity, nutrient content, and substrate
composition, all of which can influence biodiversity patterns
(Amoros and Bornette, 2002).

The unpredictable timing of flood and drought years similarly
creates a mosaic of patches at different stages of succession
(Bayley and Guimond, 2008; Tockner et al., 2010). Water
level directly influences submerged and emergent macrophyte
dynamics. Deep, open water habitats are dominated by beds of
submerged macrophytes and abundant planktonic communities
(Brock et al., 1999). Comparatively, shallow wetlands, often
protected from exposure, are characterized by diverse emergent
plant communities, floating aquatic plants, and diverse associated
vertebrate and invertebrate communities (Brock et al., 1999).
As the floodplain shifts between flood and drought years, water
levels in the associated wetlands create a changing mosaic of
habitats, with the emergent edge community advancing on
the submerged macrophyte beds as open water levels decrease
(Brock et al., 1999).

Upstream water level manipulation of rivers by dam
impoundment alters the natural dynamics of hydrological
fluctuations within downstream floodplain wetlands. By
reducing water flow through the system, dams and other
impoundments can disconnect rivers from their floodplains, and
consequently these floodplains no longer receive the seasonal
inputs of sediment, nutrients and propagules required for healthy
functioning (Kingsford, 2000; Tockner et al., 2008). For example,
barriers, including dams, have been shown to impact dispersal of
macrophytes (Jones et al., 2020) and migratory fish (Barbarossa
et al., 2020), through altered longitudinal and lateral connectivity.
Even when the connection between the river and the floodplain
remains intact, water level manipulations can homogenize flows
into wetlands (Tockner et al., 2008). Through hydropeaking,
even run-of-the-river dams can significantly alter downstream
hydrology; water may be released at regular intervals or steadily,
unlike the variable flood pulses in a natural system (Almeida
et al., 2020). In temperate rivers, where ice jams are an important
driver of spring flood pulses (Tockner et al., 2010), dams can
create physical barriers to ice, altering ice regimes by impacting
the probability and location of ice jams, and thus the volume and
timing of the spring freshet (Huokuna et al., 2020). Dams also
change sediment dynamics in the river by trapping fine sediment
behind impoundments, starving them of nutrients and leaving
downstream riverbeds composed of greater proportions of gravel
(Csiki and Rhoads, 2014). When water is released downstream,
as in large flood years, the resulting flow can scour the floodplain
(Galat et al., 1998; Csiki and Rhoads, 2014). In many rivers,
hydrological isolation, or reduced connectivity of the river and
its floodplain has drastically changed the landscape and reduced
wetland extent (Galat et al., 1998; Tockner and Stanford, 2002).
Altered flood regimes, a decrease in propagule rejuvenation, and
a change in sediment composition and nutrient chemistry can
create habitats where few species thrive, decreasing biodiversity
within the ecosystem.

Due to lack of comparable global inventories, arising partly
due to difficulty in determining wetland boundaries, a reliable
pre-Anthropocene estimate of wetland extent has yet to be
produced (Revenga et al., 2000). After an approximated loss
of at least 50% of wetlands in the last century alone (Myers,
1997), current estimates put global coverage at 10% of the
earth’s surface, with floodplains comprising 15% of this (Tockner
et al., 2008). Over the last three decades, almost 90,000 km2

of permanent surface water has been lost, but overall, surface
water has increased, due in large part to the creation of
new permanent water bodies as hydropower reservoirs (Pekel
et al., 2016). Our human footprint is most apparent in river
floodplains; due to increasing human pressure and a desire
to train rivers to meet our needs, almost 90% of floodplains
in the Northern Hemisphere have been altered to the point
of functional extinction (Tockner and Stanford, 2002). In fact,
recent floodplain chronostratigraphy work by Brown et al. (2018)
states that millenia-long interventions to river-floodplain systems
in Europe have altered riverscapes to the point where it is no
longer possible to identify their natural state. The prevailing
model of lowland meandering channels with silt-clay floodplains
may actually be a result of centuries of anthropogenic use,
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including the construction of weirs and water mills, channel
maintenance, controlled flooding and grazing pressure (Varga
et al., 2013; Brown et al., 2018). Comparatively, in North America,
modifications to rivers and their floodplains have taken place
more recently (Brown et al., 2018), suggesting that it could be
possible to protect the remaining wild rivers that still maintain
connectivity with their floodplains.

The lower Wolastoq | Saint John River watershed is one of the
last examples of a largely intact Atlantic river floodplain, acting
as a vital reservoir for rare and endangered species and as an
important nursery, nesting habitat and flyway for migratory and
transitional species (Washburn and Gillis Associates Ltd, 1996).
Despite its outstanding conservation value, it has nevertheless
been subjected to multiple anthropogenic disturbances in the
form of upstream dam construction and major local highway
construction against a background of anthropogenic climate
warming (Washburn and Gillis Associates Ltd, 1996; Canadian
Rivers Institute, 2011; Stantec Consulting Ltd., 2015). In the past
century, the hydrologic alteration of the watershed has proceeded
during the construction and operation of 11 hydroelectric
dams, 3 of which are located on the mainstem of the river
(Canadian Rivers Institute, 2011). The most significant of these
are Beechwood Hydroelectric Station (“BHS”) and Mactaquac
Generating Station (“MGS”). The construction of these run-of-
the-river dams in the 1950s and 1960s created large reservoirs
and altered downstream hydrology of the river (Canadian Rivers
Institute, 2011; Stantec Consulting Ltd., 2015), and while the
Wolastoq | Saint John River still maintains connectivity with
its floodplain, alteration of water and sediment flows into its
floodplain has almost certainly occurred. Like many floodplains
globally, the lower Wolastoq | Saint John River and its associated
floodplain wetlands, including the Grand Lake Meadows and
Portobello Creek wetland complex (collectively denoted as the
“GLM complex”) have experienced an increase in the magnitude
and frequency of large floods (Canadian Rivers Institute, 2011),
thought to be linked to the hydrological alteration of the flood
pulse. Understanding the present and future consequences of
these hydrological alterations is critical for future mitigation of
human impacts on the floodplain in an era of global human-
driven climate change.

This study aimed to determine if there are areas that have
experienced significant change to floodplain wetland extent
associated with major anthropogenic disturbance within the
Wolastoq | Saint John River watershed, and to determine if these
areas are responding similarly in terms of habitat structure and
environmental stressors. This was done by (1) quantifying how
wetland habitat has changed over the last 70 years and identifying
areas of highest change, (2) examining habitat diversity across the
GLM complex and classifying areas that potentially experience
higher levels of disturbance, and (3) determining if those high
disturbance areas remain protected by current conservation
protection measures. In answering these questions, we can
identify habitat diversity and disturbance regimes that may
dictate how the ecosystem and its communities will respond
to future disturbance events. A key outcome of this work is
to provide a habitat template for future studies examining
the response of biodiversity-ecosystem function relationships to

disturbance regimes. This has important policy implications as
well, as outcomes may inform policy makers on where best to
prioritize conservation efforts.

MATERIALS AND METHODS

Study Sites
This study was focused on Atlantic Canada’s largest freshwater
wetland complex, the Grand Lake Meadows and Portobello Creek
wetland complex (the GLM complex; Figure 1). The region
is part of the Atlantic Maritime ecozone, with average annual
temperature of 5.6 ± 2.9◦C and average annual precipitation
of 1077.7 mm (Canadian Climate Normals data for station
8101500, calculated between 1981 and 2010; Government of
Canada, 2020). The GLM complex is part of the floodplain
of the Wolastoq | Saint John River; in the spring, driven by
ice jams and the spring freshet, water overflows the banks of
the river into the floodplain (Washburn and Gillis Associates
Ltd, 1996; Cunjak and Newbury, 2005). Within the floodplain,
over 85% of the GLM complex’s 9,000 ha is flooded annually
(Washburn and Gillis Associates Ltd, 1996), linking floodplain
wetlands with the main river channel and allowing for the
replenishment of sediment and nutrients. The annual flood
pulse flows into the wetland complex through the westernmost
streams and channels, draining from the floodplain back via the
Jemseg River to the Wolastoq | Saint John River main channel
(Figure 1; Washburn and Gillis Associates Ltd, 1996). Compared
to other inland freshwater wetlands in the province, the GLM
complex is extremely productive, fueled both by seasonal flooding
from the spring freshest and an accelerated biogeochemical cycle
from the process of wetting and drying (Washburn and Gillis
Associates Ltd, 1996). The floodplain connects the Wolastoq |
Saint John River to Grand Lake, the largest lake in the province;
this lake is so large that it influences local climate, warming the
surrounding area by several degrees, supporting the formation
and maintenance of unique habitats for this region of the country,
including extensive silver maple swamps (Washburn and Gillis
Associates Ltd, 1996; Broster and Dickinson, 2015).

As part of the Wolastoq | Saint John River watershed, the
GLM complex is subjected to the numerous anthropogenic
influences that occur within the riverscape, including upstream
dam construction (BHS is located 180 km upstream from the
GLM complex and MGS is 45 km upstream), the construction
of a new section of the Trans-Canada Highway through the
downstream end of the wetland complex (constructed in 2001),
agricultural activity, human settlement, and public recreational
use. To minimize the potential impact of these threats, portions
of these wetlands are protected by the New Brunswick Provincial
Government, as the Grand Lake Meadows Protected Natural
Area (GLM PNA) and by the Federal Government of Canada,
as the Portobello Creek National Wildlife Area (PC NWA) (for
more information on permitted activities within these protected
areas see Supplementary Table 1). Across the edge of the GLM
complex, 60 sites were sampled between June 2017 and August
2017 (Figure 1). Sites were distributed between three levels
of protection: (1) unprotected (n = 12), (2) non-contiguous
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FIGURE 1 | Study sites within the GLM complex relative to different protection strategies, including Portobello Creek NWA (blue) and Grand Lake Meadows PNA
(orange). Key locations are labeled. Sites are grouping into Portobello Creek NWA sites (triangles), Grand Lake Meadows PNA sites (circles) and sites in areas of no
known protection strategy (i.e., “unprotected”) (squares). The dominant flow of water into the wetland complex during the open water season is outlined by arrows.
The old road (not raised and frequently overtopped) and the new Trans-Canada Highway (raised) are depicted in gray and red, respectively. Inset map shows location
of sampling (red box) and upstream generation stations (BHS, Beechwood Hydroelectric Station; MGS, Mactaquac Generating Station) in relation to Wolastoq | Saint
John River watershed and the mainstem of the river.

protection (GLM PNA; n = 24), and (3) contiguous protection
(PC NWA; n = 24). All sites were accessible by boat from the
lake edges but were disconnected from the main channel of
the Wolastoq | Saint John River at the time of sampling. Each
sampling site represented aquatic wetland habitat, consisting of
emergent and submerged macrophytes, and extended from the
edge of terrestrial high marsh vegetation to open water. A pair
of bamboo poles marked the midpoints for each site and all
biotic and abiotic samples were taken within 50 m of these
poles for each site.

Determination of Historical Change in
Wetland Extent
To determine change in wetland extent across the shoreline of
the GLM complex since major human-driven change within the
watershed, the historical shorelines were compared for pre- and
post-construction of major dams (BHS, constructed in 1957,
and MGS in 1968) and a portion of the Trans-Canada Highway
(2001) in the Wolastoq | Saint John River watershed. Aerial
photographs (processed at 1 m pixel resolution) from 3 years
(1951, pre-dam construction; 1983, post-dam/pre-highway; 2014,
post-highway; Figure 2) were obtained from the New Brunswick
Department of Natural Resources and Energy Development,

digitized, and georeferenced using ArcGIS (version 10.6.1;
Environmental Systems Research Institute [ESRI], 2018) with a
minimum of 10 control points per photograph. The shoreline
for each year was digitized, closely following the wetland edge
at a 1:25 scale, with a starting distance of 1.6 m between points,
with quality control checks performed at regular intervals. An
onshore baseline (Figure 2) from which to correct and measure
historical shorelines was manually created with a new feature
class in ArcGIS (version 10.6.1; Environmental Systems Research
Institute [ESRI], 2018) following the recommendations of the
USGS Digital Shoreline Analysis software protocol (Himmelstoss
et al., 2018); subsequently, all measurement transects extended
orthogonally from the baseline.

Since the aerial photographs were taken in different seasons
depending on the year, the water levels for all shorelines required
correction to a common mean water level (MWL). Final points
along these lines were adjusted using the one-line shift method
developed by Chen and Chang (2009), which shifts extracted
shorelines on three sequential images to the corresponding
shorelines based on MWL. The MWL was calculated for the
open water season (May– October) between 2001 and 2017 for
the Jemseg River (01AO004; mean = 1.734 m) and Lakeville
(01AO010; mean = 1.810 m) gauging stations; these data
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FIGURE 2 | Timeline of local anthropogenic alteration within the lower Wolastoq | Saint John River and the aerial photographs of the GLM complex which were
digitized and used to assess historical change to wetland extent.

were accessed through the HYDAT database available from the
Water Survey of Canada (2017). The 1950s photographs were
taken before the Lakeville and Jemseg River gauges started
recording so data were infilled using a regression between
the two GLM complex gauges (01AO010 and 01AO004) and
a nearby gauging station in Fredericton (01AK003) using all
available open water data. Seventy percent of the data were
randomly assigned to be used for calibration and 30% were
saved for model validation, and the models were assessed
using the Nash-Sutcliffe coefficient (Nash and Sutcliffe, 1970;
01AO010: calibration = 0.96, validation = 0.95; 01AO004:
calibration = 0.94, validation = 0.93) and Root Mean Square Error
(RMSE; 01AO010: calibration = 0.05 m, validation = 0.05 m;
01AO004: calibration = 0.03 m, validation = 0.04 m).

Perpendicular transects were generated every 25 m along the
common onshore baseline and extended through all corrected
historical shorelines (Figure 3). Shoreline change was measured
for each perpendicular transect from the baseline to the shoreline
and the change between 1951 and 1983, 1983 and 2014 and
overall change (1951–2014) was calculated (Figure 3). For each
set of measurements along a transect, the change was ranked
from largest (1) to smallest (3) to compare during which period
the most change occurred across a gradient of magnitudes.
A categorical scatterplot (also known as a dot plot) was made
with the resulting data to visualize how shoreline change was
distributed across the time periods, with each measurement
represented as an individual dot on the plot, and measurement
classes grouped into bin sizes [plot made with the ggplot2 package
(version 3.2.1; Wickham, 2016) in R (version 3.5.3; R Core Team,
2019)]. The y-axis was log-scaled for easier visualization of the
extreme ends of the data. To visualize historical change across
the time periods, ArcGIS (version 10.6.1; Environmental Systems
Research Institute [ESRI], 2018) was used to extend the calculated
differences were along the baseline, splicing the polyline at each
transect and applying the calculated value to that section; no
values were assigned outside of a 200 m buffer around a given
transect and areas without available measurements were assigned
as “no data.” Historical change values that were negative and
positive were classified as “erosion” and “accretion,” respectively.

Examination of plots of historical change across the time
periods showed that extreme erosion or accretion events
appeared to differ between time periods. To test this, the data
were first filtered to areas that were exhibiting sensitivity to

extreme change, defined as over 30 m of either erosion or
accretion aligning with natural break points for at least one
time period per transect. Data were separated for testing of
erosion and accretion between the two periods, where erosion
was hypothesized to be highest between 1951 and 1983 (n = 381
transects/period) and accretion was hypothesized to be highest
between 1983 and 2014 (n = 459 transects/period) based on visual
inspection of the plots of historical change. Both models violated
parametric assumptions (Shapiro-Wilk normality tests: accretion
p < 0.001, erosion p < 0.001; Levene’s Test for Homogeneity
of Variance: accretion p = 0.0027, erosion p = 0.6345), and so a
paired, one-tailed Wilcoxon Signed-Rank test was performed for
each in R (version 3.5.3; R Core Team, 2019) to test if change
differed between periods.

Abiotic Variables
Grab samples for water chemistry were collected using the
Canadian Aquatic Biomonitoring Network (CABIN) wetland
protocol standard operating procedures (Armellin et al., 2019)
in June and July 2017, 1 month apart (N = 2 sets of water
samples per site; triplicate samples collected at 10% of sites),
and analyzed at the Environment and Climate Change Canada’s
National Laboratory for Environmental Testing (NLET) for a
standard suite of ions, metals, and nutrients (Environment and
Climate Change Canada’s National Laboratory for Environmental
Testing, 2013). Due to the likelihood of fluctuations of spot
measurements across space and time, measurements for each site
were averaged prior to analysis. For a full analyte list of measured
abiotic variables (see Supplementary Tables 2, 5).

Grab samples of wetland sediment (N = 1 per site; triplicate
samples collected at 10% of sites) were collected following CABIN
wetland protocol standard operating procedures (Armellin et al.,
2019) and stored in the refrigerator in glass containers until
transferred to RPC laboratory- New Brunswick’s provincial
research organization- in Fredericton, NB for analyses. Following
EPA standards (United States Environmental Protection Agency,
1996) samples were analyzed for trace elements, total organic,
and inorganic carbon, grain size, and composition (sand, silt,
gravel, and clay).

The temperature profile of sites was measured over the
sampling period using HOBO pendant temperature loggers (P/N
UA 001 64) set to record every 5 min for the duration of the
sampling period. Hourly water depth measurements were taken
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FIGURE 3 | Diagram depicting how historical change of wetland extent within the GLM complex was measured from the corrected shorelines derived from aerial
photographs. Shorelines were calculated for the edge of the wetland where sites are shown in Figure 1. Transects extended from a manually created baseline
through shorelines, resulting in measurements between 1951 and 1983 (x2 – x1), 1983 and 2014 (x3 – x2), and overall change (x3 – x1).

from HOBO water level loggers (range 0–4m, P/N 20-001-04)
randomly assigned to 22 sites across the wetland complex; a total
of 5 additional loggers were attached at known heights in the
air in each lake or water body (corresponding to labeled water
bodies in Figure 1) as calibration for air pressure. Water depth
at sites without loggers was assigned from the nearest logger
location. A suite of hydrologic variables was calculated from
water depth data using the Indicators of Hydrologic Alteration
software (Richter et al., 1996).

Macrophytes
Sampling for the submerged plant community (defined as aquatic
vegetation that were either whole submerged or floating, and
could be rooted or unrooted) was conducted by 2 observers for
15 min, sweeping in concentric rings around the poles (center of
the site), as far as water depth allowed. If richness and abundance
were so low that sampling had extended beyond the defined 50
m diameter of a site and no new morphotypes were found in
5 min, sampling was stopped, and the time and distance recorded.
All unique morphotypes were collected for identification; the top
three dominant species were designated, and the percent cover
was estimated for each. Total percent cover was estimated by

each observer and all numbers were compared for congruency.
Emergent plant communities (comprising individuals with roots
in the sediment, but the majority of the plant out of water) were
assessed for the whole 50 m diameter site, focusing along the
boundary between aquatic and terrestrial ecosystems. Specimens
were collected of the top three dominant species, and their
percent cover across the site was estimated.

Representative specimens of each macrophyte species present
were collected and preserved as voucher specimens for
subsequent taxonomic assessment. A subset of the voucher
specimens collected were selected for subsequent genetic analysis
to establish a reference specimen collection that was used to
guide morphological based taxonomic identifications. For genetic
analysis of reference specimens, dehydrated leaf tissue was sent
to Canadian Centre for DNA Barcoding (CCDB) for DNA
extraction, PCR amplification, and sequencing according to
CCDB standardized protocols (Fazekas et al., 2012). To facilitate
comparison of the genetic results with taxonomic data available
on GenBank (NCBI Resource Coordinators, 2017) and the
Barcoding of Life Data System (Ratnasingham and Hebert, 2007)
two standard land plant DNA barcode markers, rbcLA and ITS2,
were selected (Fazekas et al., 2012).
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Visualizing Disturbance Regimes and
Habitat Patches
All analyses and data visualization were completed in R
(version 3.5.3; R Core Team, 2019). We reduced the number
of abiotic variables based on Pearson correlation coefficients
(R > 0.70; standard cutoff for a “strong correlation”; e.g.,
Dormann et al., 2013) retaining, among pairs, variables deemed
the most ecologically relevant or having higher between-site
variance. Variables were z-score standardized before Principal
Components Analysis (PCA) using the FactoMineR package
(version 2.3; Lê et al., 2008) to examine how environmental
variables differed across the study area. PCA output was plotted
on axes PC1 and PC2 as these had the most explanatory power
with the factoextra package (version 1.0.5; Kassambara and
Mundt, 2017). Hierarchical cluster analysis in vegan (version 2.5-
4; Oksanen et al., 2019) was then performed to examine how
environmental variables influenced the grouping of wetland sites,
using the complete linkage method, which produces compact
clusters with high similarities. Preliminary testing to determine
the optimal clustering scheme was done using NbClust (version
3.0; Charrad et al., 2014), which tests all combinations of cluster
numbers, distance measures and clustering methods; the majority
of the produced metrics (8 out of 23) showed that the optimum
number of clusters for analysis was three. A heatmap of the
results, standardized to scale abiotic variables, was made to
visualize results.

Habitat patches and spatial heterogeneity of patch quality in
wetland habitat across the landscape was visualized by making
individual radar plots for each site using the fmsb package
(version 0.6.3; Nakazawa, 2018). Variables that were thought to
have the most significant impact on biodiversity (e.g., Chipps
et al., 2006) were chosen for the plot and z-score standardized
to ensure that they were on the same scale; variables included
in the plots were: silt, sediment and water metals (comprised of
PCA axes as outlined below), overall change in shoreline location
(absolute values), low pulse duration, the coefficient of variation
for water temperature, macrophyte richness, macrophyte total
percent cover, percent organic carbon in the sediment and
total dissolved aquatic phosphorus. Sediment and water metal
inputs were reduced for correlations above a Pearson correlation
coefficient of 0.70 and condensed onto principal components axes
(PC1 for each, with the sediment PC1 capturing 38.20% of the
variance, and the water PC1 representing 44.87%) where higher
values indicated increased metal concentrations. To examine
differences among the three protection strategies, a separate radar
plot was made using the mean values for each of the strategies.

RESULTS

After adjusting for differences in water levels across the years
of aerial imagery, change in wetland extent across the GLM
complex ranged from accretion of 400 m to erosion of −1450
m (mean = −6.48, SD = 83.41, N = 2,500 transects; among all
1951–2014 data). If change had continued in the same direction
over the measured time periods, then the overall change was
ranked highest for each transect; indeed, this is the case for most

measurements, as indicated by the plot’s teal coloring (Figure 4).
High erosion (over 30 m) occurred between 1951 and 1983, which
can be seen by the shift from yellow (lowest rank change) to dark
blue (second rank; n = 381 transects, Z =−14.19, p < 0.001). The
areas of highest erosion (depicted in shades of yellow to dark red
according to magnitude) were located in backwater areas, such as
in the coves off the west bank of the Jemseg River, Back Lake and
Portobello Creek (Figure 5A).

Small shoreline changes (30 m) were greater between 1983 and
2014 than from 1951 to 1983, as shown by the measurements
plotted in dark blue (Figure 4). These areas are plotted in shades
of green on the maps and tend to extend over the edges of
large lakes, such as Maquapit Lake and French Lake. Significant
accretion (over 30 m) was evident through the period of 1983–
2014, particularly across the Jemseg River area (Figure 5B;
n = 459 transects, Z = −18.60, p < 0.001). During this period
certain areas that had started to erode between 1951 and 1983,
shifted and started to increase in their extent as they accreted
sediment. This shift can be seen most clearly in the wetlands off
the west bank of the Jemseg River, with shoreline changes from
orange (erosion of −50–200 m) to dark blue (accretion of 100–
400 m). Other areas of accretion, shown in shades ranging from
aqua to dark blue, were evident across all time periods within the
side channels of PC NWA (Figure 5C).

The first three axes of a Principal Components Analysis
(PCA) explained 43.6% of the variation of abiotic variables
among sites: PC1 explained 19.9%, PC2 explained 14.5%, and
PC3 explained 8.3% of the variance (Figure 6). PC1 shows
separation of samples based on micro- and macronutrients,
with high scores aligning with increased dissolved nitrogen and
total phosphorus concentrations in water samples, and increased
molybdenum, potassium, aluminum and iron concentrations
in sediment samples; low scores were associated with higher
concentrations of barium (Figure 6). PC2 shows a separation of
geographic regions of the GLM complex from east (low scores,
areas plotted in shades of blue) to west (high scores, areas plotted
in shades of pink; Figure 6). The variables most contributing
to this axis were water temperature and metals, with low scores
associated with maximum water temperature and high scores
associated with alkalinity, minimum temperature, molybdenum
and sodium concentrations in the water, and boron, magnesium
and zinc concentrations in the sediment.

Cluster analysis grouped sites first by sediment iron,
molybdenum and aluminum concentrations: sites located on
French Island (P55 and P53) and two sites located at far ends
of coves within PC NWA (P39 and P46) having the highest
levels of the metals, shown in shades of blue near the bottom
of the plot (Figure 7). The rest of the sites had generally lower
concentrations, as depicted by the red coloring on the plot
(Figure 7), with a sub-cluster of sites that were located along
large lake edges and the edge of the Jemseg River consistently
showing the lowest concentrations of sediment aluminum and
molybdenum, visible as bands of dark orange (G17, G21, G23,
G12, G05, U34, G19, G11, G16, U31, G10). The next significant
cluster grouped the most northerly located sites, found in
Indian Lake (U36 and U32) with the lowest levels of iron,
aluminum, magnesium, potassium and boron in their sediment
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FIGURE 4 | Categorical scatterplot summarizing change in wetland extent in the GLM complex across measured time periods, showing which periods experienced
the most erosion and accretion. At each measured point, the change between the periods was ranked, with a rank of 1 assigned to the period with the highest
change. If change magnitude increased in the same direction (either erosion or accretion) then “overall change” would have a rank of 1 (i.e., highest change). Each
dot represents a single measurement between shorelines, with wider bars indicating more measurements for that size bin. The y-axis was log-scaled for easier
visualization of the extreme ends of the data.

(shown in dark red and burgundy). These sites also had similar
levels of other environmental variables, such as molybdenum,
potassium, nitrogen, copper, and barium concentrations in the
water, molybdenum concentration and percent organic carbon
in the sediment, and alkalinity, base flow rate and high pulse
duration. Sites appeared to be grouped more by their hydrology
and connectivity within the floodplain, than by geographic
relationship alone.

Radar plots for each site are consistent with sites grouping
by hydrologic connectivity (Figure 8). Sites in PC NWA had
higher levels of most variables, particularly phosphorus, sediment
and water metal and organic carbon, as indicated by the

overall larger area of the individual radar plots, as well as
the mean values for the whole protection level compared to
GLM PNA and unprotected sites. The sites in PC NWA are
more protected from wave exposure, as are the other sites
that follow the same pattern of high overall levels of the
chosen abiotic variables. Sites located along the edge of the
large lakes, namely Indian Lake, Maquapit Lake and Grand
Lake tended to have smaller radar plot areas overall, i.e., lower
relative levels of measured variables. These sites tended to
be located within the GLM PNA, where, compared to other
protection levels, sites had on average lower levels of phosphorus,
low pulse duration and silt. Unprotected sites, which were
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FIGURE 5 | Visualization of measured change in wetland extent in the GLM complex across periods of major anthropogenic change within the watershed, showing
the difference between 1951 and 1983 (A), 1983 and 2014 (B), and overall cumulative change (C). Sampling sites from 2017 are plotted on the maps to show
distribution across different levels of historical change.

scattered throughout the study area, had a range of habitat
patches, with the mean showing the lowest levels of water and
sediment metals and organic carbon. Macrophyte richness and
cover, overall historical change and the coefficient of variation
of water temperature were similar across the GLM complex,
regardless of protection level, suggesting that these variables are
driven by the patchiness of flood pulse dynamics, rather than
geographic proximity.

DISCUSSION

Anthropogenic Alteration of Floodplain
Wetlands
Floodplains naturally experience channel migration and a
shifting of wetland habitat boundaries over time as flood pulses
vary from year to year (Bayley and Guimond, 2008); however,
recent significant changes of wetland extent within the GLM
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FIGURE 6 | Principal Components biplot projecting axes PC1 and PC2 for abiotic variables across 2017 sampling sites in the GLM complex. All variables were
reduced first from correlations for below 0.7 collinearity before being subjected to the PCA. Sites are colored by geographic area with pink sites located furthest west
within Portobello Creek and blue sites located in the east toward Grand Lake and Jemseg River. Acronyms for specific input variables listed in
Supplementary Table 6.

complex can be linked to periods of major anthropogenic
alterations in the Wolastoq | Saint John River watershed,
appearing to follow the upstream construction of run-of-the-
river dams and the construction of a new Trans-Canada
Highway within the wetland complex. Erosional change was
highest immediately following the period when the Beechwood
(1957) and Mactaquac (1968) dams were constructed, suggesting
support for the hypothesis that altered flood pulse and sediment
deposition into the floodplain triggered significant erosion of the
wetland. This was also during the period when agricultural land
practices in the potato farming region located upstream of both
Beechwood and Mactaquac began to change, shifting away from
losing significant amounts of topsoil each year (Harvey, 1976;
Chow et al., 2000); this landscape change could result in lower
amounts of sediment being deposited in the floodplain wetlands
with the flood pulse each spring, aiding erosion.

Erosion has continued, albeit at a diminished level, until
recently, implying that those wetlands continued to experience
shoreline change over time due to a perpetuation of the
altered hydrologic and sediment deposition regimes. While the
postulated change relating to hydroelectric dam construction

was most significant for areas that experienced erosion, the
most substantial change in recent years was accretional. This
was associated with the construction of a section of the Trans-
Canada Highway along the edge of the GLM complex and
through wetland habitat near the Jemseg River; in this area
of floodplain wetlands adjacent to the Jemseg River the most
significant accretion was evident, supporting the hypothesis
that the hydrologic isolation from highway construction has
contributed to significant shoreline change in the area compared
to other protection levels.

Floodplains are ecosystems with high spatial heterogeneity,
characterized by a mosaic of habitat patches with varying
levels of connectivity to the main channel and each other;
these patches may be at different levels of ecological succession
depending on the shifting boundaries of annual flood pulses
(Junk et al., 1989; Ward et al., 1999). Any alteration of
the flood pulse, namely the inundation of wetland habitat
by flood waters and sediment deposition, therefore affects
habitat patches differently, even across relatively small spatial
scales. Since the construction of the run-of the-river dam,
Mactaquac Generating Station, the frequency and magnitude
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FIGURE 7 | Heat Map showing natural groupings of sampling sites in the GLM complex by abiotic variables with cluster analysis. All abiotic variables were reduced
for correlations above 0.7; cells are colored according to their standardized value with lowest values depicted in dark red and highest in dark blue.

of large floods in the Wolastoq | Saint John River has
increased, but this coincides with similar observations at
the wider watershed scale (Canadian Rivers Institute, 2011).
This suggests observed changes within the GLM complex are
being compounded by other factors such as climate change
and increased urbanization, and there is some evidence of
limited sediment deposition behind Mactaquac Dam (Grace
et al., 2017). Dam construction is, however, linked to the
probability and location of ice jams, an important flood pulse
mechanism in the Wolastoq | Saint John River (Canadian
Rivers Institute, 2011; Huokuna et al., 2020). Although it is

problematic to confirm without baseline measurements, the
increased inundation period, as well as the sediment deprivation
experienced in floodplains following upstream dam construction
(Marren et al., 2014), likely had a role in the loss of wetland
habitat that is evident in the GLM complex. The patches
that experienced the most erosion were backwater and cove
habitats, areas that tend to have more transient boundaries
between wetland and high marsh habitat (unlike, for example,
the edges of large lakes), where shallower slope facilitates
amplified inundation and thus a transition to increasingly
open water habitat.
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FIGURE 8 | Map of distribution of variables that are thought to have the greatest impact on shaping aquatic biodiversity in the GLM complex. Each site is depicted
by a radar plot, where input variables are standardized to a scale of (0,1), and greater area of the radar plot indicates higher values of measured variables. The plot in
the insert shows the mean for all sites within a protection classification.

In contrast, when the Trans-Canada Highway was constructed
in 2001, 55 ha of floodplain wetland habitat adjacent to the Jemseg
River was hydrologically isolated, thus no longer experiencing
the same flood pulse dynamics (Washburn and Gillis Associates
Ltd, 1996). Although an existing highway had already traversed
the length of the GLM complex, it was frequently overtopped
during flood pulse events, permitting transport of sediment,
nutrients and biological propagules to the floodplain wetlands,
albeit at a fraction of the level experienced in natural flood
pulse events (Washburn and Gillis Associates Ltd, 1996). The
new highway has a raised construction and was predicted to
only be overtopped in a 1:20 years flood (Washburn and Gillis
Associates Ltd, 1996); while the wetlands still flood, the transport
of sediment and nutrients to certain habitat patches has been
further diminished. The input and deposition of sediment and
nutrients from flood pulses is particularly important in areas of
sediment loss, such as the outflow from wetlands back into the
main channel (e.g., the Jemseg River, which flows from Grand
Lake into the Wolastoq | Saint John River) (Brinson, 1993). When
the flow of the flood pulse into the wetlands was halted by the
raised highway construction, these isolated areas were no longer
inundated, transforming the aquatic wetland patches to terrestrial
high marsh habitats. Trapped between two stretches of highway,
accretional areas were most evident around the Jemseg River,

where a combination of sediment loss and lack of hydrological
connectivity led to an increase in upland habitat and a consequent
loss of shallow aquatic wetlands.

Spatial Heterogeneity of Wetland Habitat
Is Shaped by Connectivity
Depending on connectivity across the landscape, areas of
accretion and erosion for all time periods were found
across the entire GLM complex. Flood pulse dynamics
were acting to both increase and decrease wetland extent,
highlighting how significant the impact of connectivity and
flow regimes are to these vital floodplain habitats. Connectivity
and disturbance, subsequently, are important drivers of the
biotic communities found within floodplain wetlands. Ward
et al. (1999) hypothesized that biodiversity within floodplains
would be highest at intermediate levels of both disturbance and
connectivity, whereby at low connectivity, nutrients, sediment
and organisms cannot be exchanged between communities,
and at high connectivity, habitat heterogeneity is reduced,
thus reducing niche availability. An updated model by Arias
et al. (2018) combined principles from the Intermediate
Disturbance Hypothesis (Connell, 1978) and the flood pulse
concept (Junk et al., 1989), proposing that flooding patterns
and disturbances within the watershed (both anthropogenic and
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natural) can create spatial interactions to form a disturbance
regime, shaping floodplain diversity along any disturbance
gradient. Our study identifies the connectivity and disturbance
regimes within floodplain wetlands of the Wolastoq | Saint
John River, laying the groundwork for an exploration of the
resulting consequences for floodplain biodiversity and associated
ecosystem functions.

Beyond flood pulse dynamics and habitat boundaries, the
ability to retain nutrients, filter metals and support complex
macrophyte beds serving as habitat for invertebrate and fish
communities directly depends on the hydrology and associated
connectivity between habitat patches within the floodplain
wetland complex. In the GLM complex, Principal Components
Analysis revealed a grouping of sites from east to west, where
sites experienced an overall change both in connectivity and
hydrology. PC NWA, located in the west, is the most upstream
part of the wetland complex, and as such is the first to experience
the annual flood pulse; sites to the east, along the Jemseg River,
drain first as the flood pulse moves through the floodplain back to
the Wolastoq | Saint John River via the Jemseg River (Washburn
and Gillis Associates Ltd, 1996).

Cluster analysis also supported the importance of hydrology
and connectivity as factors grouping sites, as did the visual
representation of patch diversity by radar plots (Figure 7).
Sites located on lakes, which are open (i.e., fully connected)
and exposed, tended to have lower levels of metal and
nutrient accumulation, whereas backwater coves with decreased
connectivity showed evidence of metal accretion in their
sediments. Together, these factors have multiple consequences
for provisioning of floodplain wetland ecosystem services. For
example, it demonstrates that backwater coves are acting as
sinks of potentially toxic metals, as depositional environments
sheltered from wave exposure. This is also associated with
retention of organic carbon, which can enhance metal storage
capacity (Du Laing et al., 2009). Cadmium concentrations in
the sediment had a high positive correlation with the percentage
of organic carbon in the sediment, supporting this explanation.
Beltaos and Burrell (2016) also found evidence for a strong
metal association with the suspended sediment raised during
ice jams in the Wolastoq | Saint John River, suggesting that
flood pulses facilitate metal transport throughout the watershed.
Moreover, their research indicated that measured aquatic
concentrations of aluminum, iron and copper could be orders
of magnitude higher during breakup conditions than open-
water conditions (Beltaos and Burrell, 2016). This said, across
the GLM complex, very few metals were above aquatic toxicity
guidelines (Canadian Council of Ministers for the Environment,
2014; for average concentrations see Supplementary Tables 2,
3), with the exception of those few (e.g., iron and aluminum)
that are naturally abundant crustal elements in the underlying
geology of the Wolastoq | Saint John River watershed and
are therefore found at high concentrations (Canadian Rivers
Institute, 2011).

Through nutrient retention, sheltered coves also allow for
the formation of diverse macrophyte communities with high
complexity (Hansson et al., 2005), providing a variety of
niches to invertebrate communities, thus supporting increased

richness (Kovalenko et al., 2012; Walker et al., 2013). Moreover,
some metals, such as iron, copper, nickel and molybdenum
act as plant micronutrients, and as such are important
components of wetland ecosystems (Merchant, 2010). The
combination of macro- and micro-nutrients, organic carbon
storage, and protection from wave exposure should lead
to abundant macrophyte growth, however, despite seemingly
suboptimal conditions, macrophytes were found at all sites in
our study, just in varying degrees of abundance and richness.
Spatial heterogeneity of habitat patches within the floodplain
wetlands has led to differences in the structure of macrophyte
communities across the wetland complex, forming important
habitats for aquatic invertebrates and thus helping to shape
community composition.

Current Protections and Impacts for
Biodiversity
Due to its ecological significance, the GLM complex is protected
by the provincial and federal government, but the extent
of the protection, as well as the ease of enforcement, has
important consequences for its habitat patches. PC NWA, with
the most complete protection, had higher levels of macro-
nutrients (particularly phosphorus) and micro-nutrients (i.e.,
some metals), more sites that were protected from wave exposure,
and a larger build-up of organic carbon. Much of this is likely
due to connectivity and the geographic location, rather than its
protection strategy. While there are, indeed, more restrictions for
recreational and commercial use in PC NWA, it is also harder to
access, meaning less people are using the area, and it is easier to
enforce protections.

Sites within the PC NWA are located along small coves
and channels, rather than the exposed edge of the lakeshore as
found for many sites in the GLM PNA and unprotected areas,
meaning they will naturally have differences in the retention of
vital abiotic building blocks, leading to the formation of highly
productive wetland habitat. These differences are so substantial
that until now the two areas (Portobello Creek and the Grand
Lake Meadows) have been studied separately. For example, the
most recent previous plant surveys of the area were completed
by two separate groups, with Environment Canada’s Canadian
Wildlife Service performing a survey in the PC NWA (Blaney,
2003), and Papoulias et al. (2006) working on behalf of the
New Brunswick Federation of Naturalists on an inventory of
vascular plants within the Grand Lake Meadows (most of which
is protected as the GLM PNA).

Historical change from erosion or accretion across the
shoreline edge has put habitat patches at varying degrees of
succession (Bayley and Guimond, 2008; Tockner et al., 2010).
This implies that areas with significant change, found at a
higher level within the GLM PNA (porous protection) and PC
NWA (complete protection), are in earlier stages of succession
(Lallias-Tacon et al., 2017), thus having a higher degree of
disturbance. Sites within both protected areas had overall higher
values for mean historical change, indicating that there are
limitations to protection. While current protection can limit
the introduction of invasive species, contamination and nutrient
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runoff from agricultural areas, it does not currently mitigate
altered flood pulse dynamics.

Changes to ecological succession from shoreline change may
also have positive effects on wetland communities; following
the Intermediate Disturbance Hypothesis, diversity of the biota
that inhabit these habitat patches could positively benefit from
introduced disturbance (Connell, 1978). Within floodplains, the
flood pulse serves as an essential, natural ecological disturbance,
creating spatial and temporal heterogeneity, increasing niche
diversity, and thus functional richness (Ward et al., 1999; Tockner
et al., 2010; Arias et al., 2018). With many patches at different
stages of succession across the landscape, and experiencing a
different regime of abiotic filters, the GLM complex has the
capacity to play host to a wide variety of taxa that have a rich suite
of traits. Communities with a diverse set of traits should more
effectively utilize the ecosystem’s resources as well as provide
the ecosystem functions for which humans rely and floodplain
wetlands provide.

CONCLUSION

A forthcoming study will examine how the relationships
between biodiversity and ecosystem function are affected by the
disturbance regimes operating on the Wolastoq | Saint John River
floodplain wetland microhabitats. As climate change continues
to bring increased levels of precipitation, earlier snow-melt and
consequently flashier, potentially catastrophic flooding (Tockner
and Stanford, 2002), understanding current disturbances and
their effect on local communities is central in helping to
predict the consequences for wetland communities. Although
floodplain ecosystems are naturally resilient, communities
that are already stressed due to anthropogenic disturbance
may be ill-equipped to combat future climate-driven change.
Furthermore, future studies within the GLM complex should
examine how sediment deposition and erosion patterns have
changed over time using sediment coring to more precisely
link erosional and accretional wetland shoreline change with
anthropogenic disturbances within the watershed. Although
this is a complex system with multiple stressors potentially
impacting flood pulse dynamics, more work in determining
the role of upstream dam construction in historical habitat
change is imperative as any decision that NB Power makes
about the future of the failing Mactaquac Generating Station
(Stantec Consulting Ltd., 2015) will have consequences for
the downstream floodplain wetlands and their communities.
Additional knowledge on how communities have already been
affected by disturbance will help us to forecast how they will
respond in the future, potentially aiding in the mitigation of
lasting effects.
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