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Abstract: Land use changes remain one of the leading global change drivers leading to biodiversity
loss in terrestrial and aquatic systems. Restoration aims to counteract the development of “natural”
(i.e., forested, grassland, or wetland) spaces that alter and fragment the landscape and reduce local
biodiversity through direct impacts to the water column and indirect impacts which inhibit adult
dispersal of aquatic insects. This case study seeks to determine if a large-scale restoration of a former
cranberry bog in Plymouth, MA has resulted in near-term measurable changes to the composition,
structure, and function of local-scale in-stream habitat diversity. A three-year observational field
study beginning one year prior to reconstruction was conducted at the restored cranberry bog and at
two control treatment sites: an active cranberry bog reference and a least impacted reference (i.e., has
never been used for modern agriculture). Seasonal inventories of in-stream habitat features including
depth, substrate, macrohabitat, and in-stream cover were taken from 2015 to 2017. We found that
2 years post-restoration, there was no significant evidence of compositional or functional change,
while there was a significant increase in structural diversity. There is reason to suspect the system is
still in flux and longer-term monitoring may detect future habitat heterogeneity alterations.

Keywords: restoration; disturbance; freshwater; habitat; cranberry bog

1. Introduction

Human modification of stream systems and their surrounding landscapes has led to
significant aquatic biodiversity declines and increased risk of future declines [1]. Land use
change and habitat loss are recognized as leading global drivers of biodiversity change,
and the most significant ones for the future of streams and rivers [2]. Indeed, land use
changes have been implicated in degradation of stream biological conditions at both the
local and catchment scale [3,4]. To combat this, restoration or remediation of impaired
landscapes has been occurring with increasing frequency [5,6], often with varying goals
including both social and ecological [7]. Freshwater systems are particularly amenable to
guided and process-based restorative actions, allowing for greater potential of directed
outcomes [8]. Due to the expense of these projects, effort often is undertaken at the local,
or “reach”, scale, and as a result the ecological outcome is often unclear, due to limited
investment in monitoring and the confounding factors of larger watershed impact [9,10].

Ecological restoration aimed at biodiversity recovery primarily employs methods
intended to create habitat heterogeneity [11]. However, restoration outcomes are largely
evaluated with respect to biotic changes, particularly in the case of target species [6]. This is
especially true in the near term, as examinations of the success of habitat rehabilitation are
performed across larger temporal and spatial scales [12]. Disparate methods of quantifying

Diversity 2021, 13, 235. https://doi.org/10.3390/d13060235 https://www.mdpi.com/journal/diversity

https://www.mdpi.com/journal/diversity
https://www.mdpi.com
https://doi.org/10.3390/d13060235
https://doi.org/10.3390/d13060235
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/d13060235
https://www.mdpi.com/journal/diversity
https://www.mdpi.com/article/10.3390/d13060235?type=check_update&version=2


Diversity 2021, 13, 235 2 of 15

stream disturbance recoveries also make larger scale meta-analysis difficult. Often, studies
only incorporate measures directly related to their goals or the major component of a
system stressor [10].

Using the biodiversity framework set forth by Noss [13], measures of local-scale
habitat can be broken down into one of three attributes: compositional, functional, and
structural. These three components of habitat provide animal assemblages with the tem-
plate for survival within an ecosystem: patch presence, functional requirements, and patch
distribution, respectively. It is critical to consider the effect of scale on habitat features
relevant to the assemblage being investigated [14]. At the reach (local) scale, composition
can be measured through the abundance and diversity of in-stream cover types and river
bottom substrates. River sinuosity within a system or a reach acts as a structural assessment
of spatial variation, as sinuosity has been shown to impact habitat patch size separately
from width or discharge/velocity [15]. Discrete units of sub-reach-scale habitat, known
as macrohabitats, contain their own subset of interlinked functional processes, including
decomposition within pools and oxygenation at riffle beds [16,17]. These reach-scale habitat
measures can be combined into a holistic assessment of in-stream habitat heterogeneity,
but also may be investigated independently as areas of potential habitat improvement in
one component (sensu Noss, 1990) of biodiversity. While all three components address dif-
ferent aspects of habitat benefit to community assemblages, a combined metric of habitats’
composition, structure, and function can be calculated to assess the relative heterogeneity
of the system.

The goal of this study was to determine if restoration resulted in any quantifiable
near-term changes to the habitat at the local (i.e., reach) scale, and how those changes
compared to control sites of high and low habitat diversity. To investigate early changes
from restoration, we performed a three-year field study of a headwater stream conversion
from flow-through cranberry bog use, following a before–after–control–impact design.
We conducted reach-scale habitat evaluations seasonally beginning 1 year prior to the
active phase of stream restoration, both at the restoration site and control sites of high and
low habitat heterogeneity. We evaluated change through time via effect size analysis and
change relative to controls via ANOVA. Local-scale habitat measures were expected to
demonstrate separation of all three treatments following principal component analysis, as
well as a separation of post-restoration CBR from pre-restoration clustering. Measures of
compositional and structural heterogeneity were expected to increase following restoration,
while functional change was not expected to occur within the timespan of the study. Finally,
station sinuosity at CBR was expected to increase as a result of the rechannelization process.

2. Materials and Methods
2.1. Study Area

This study was conducted at three (3) treatments, representing restoration (cranberry
bog restoration, Tidmarsh Farms, CBR), a least impacted reference stream (Mashpee River,
LIR), and an unrestored agricultural system (active cranberry bog, ACB) in three separate
low-order (1st–3rd) streams fed by primarily groundwater and drainage-fed ponds in
the Atlantic Coastal Pine Barrens Ecoregion of Massachusetts (Figure 1). Each treatment
consisted of three (3) replicate stations defined as a 100 m length segment where data was
collected. Each station was separated by at least 100 m, to a maximum of 500 m, in river
channel length and surveyed during base flow once per season (defined as astronomical
spring, summer, and fall). Additional catchment and site-specific details of the three
treatments are provided in the supplemental material (Supplemental Table S1).

2.2. Restoration Description

CBR underwent active ecological restoration in winter 2015/2016 after 5 years of
passive restoration, which included the cessation of harvest management, as well as the
removal of water control mechanisms. These active restoration activities took place over
0.78 km2 of property, ~10% of the entire catchment as measured from property outflow.
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The goals of the restoration included the re-establishment of groundwater connectivity,
the creation of habitat complexity, and the overall intention to improve aquatic, microbial,
and terrestrial biodiversity. Active restoration involved the rechannelization of 5.6 km of
stream across the landscape and removal of dams, culverts, and other water control mech-
anisms. Additional landscape manipulations included the creation of microtopography,
introduction of large woody debris to the channel, tens of thousands of individual native
tree and shrub plantings, and the creation of water-retaining depressions and flow-through
ponds to elevate the water table [18]. The cost of the restoration from federal, state, and
private sources totaled more than USD 3 million. All stations surveyed for this project were
within the bounds of the restoration area, along the original stream channel (2015) and
along the newly cut channel (2016 and 2017).
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Figure 1. Experimental treatment study locations and their relative locations in Southeastern Mas-
sachusetts. From left to right: Tidmarsh Farms (CBR, pre-restoration imagery), an active flow-through
cranberry bog (ACB), and the Mashpee River flowing through the Trustees of Reservations conserva-
tion land (LIR) Maps produced with ArcGIS 10.4 [19].

2.3. Local-Scale Habitat Analysis

We conducted habitat assessments to quantify between treatment differences at the
local scale, using the Basin Area Stream Survey (BASS) habitat inventory seasonally at all
100 m stations over the 3 year study [20]. Briefly, BASS delineates macrohabitats (i.e., riffles,
runs, and pools) and performs cross-stream transects of each available macrohabitat at its
midpoint. BASS measures include the number and length of each macrohabitat and the
width, depth, and substrate profile of each macrohabitat, as well as estimation of in-stream
habitat features, including bare substrate, rooted aquatic plants, adherent/clinging algae,
large or small woody debris, or undercut embankments. Values were recorded in the field
and analyzed by principal component analysis using the vegan package in R [21,22] to
determine variability between treatments and across time.

The raw BASS data also was used to generate four composite measures of in-stream
habitat diversity. Diversity of in-stream cover (Hcov) was calculated as the Shannon-Weiner
index of the surface percentage of in-stream cover features. Diversity of substrate (Hsub)
was similarly calculated as the Shannon-Weiner index of the percent cover for each substrate
class. Standard deviation of depth (SDdep) was taken across the transect, and number of
macrohabitats (Nhab) was calculated per 100 m station. Each parameter of the metric
represents an attribute of biodiversity (e.g., composition, structure, or function), allowing
for determination of not only overall habitat shifts, but also the local change drivers that
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may be acting within a system. For analysis, all transect-based parameters were averaged
across the 100 m station, weighted by the length of their macrohabitat within the reach.

ArcGIS [19] was used to calculate stream sinuosity from aerial photography before
and after the restoration event at all stations. Sinuosity was calculated as the river distance
divided by the straight-line distance, as determined by station GPS coordinates, then
assessed using one-way ANOVA, with treatment (ACB, LIR, and CBR before and after
restoration) acting as predictors (n = 3 per treatment).

2.4. Statistical Analysis

The individual habitat diversity parameters were analyzed for effect size of change
relative to control treatment following effect size for a BACI design:

d = (AI − AC)− (BI − BC)

where A represents the mean parameter value in the “after” period while B represents the
mean value for the parameter “before” (e.g., in 2015, the initial year of study) for both I,
impact treatment, and C, control treatment [23]. Confidence intervals (95%) were generated
based on these effect sizes and pooled variance:

s2
p =

(nBI − 1) ∗ s2
BI + (nBC − 1) ∗ s2

BC + (nAI − 1) ∗ s2
AI + (nAC − 1) ∗ s2

AC
(nBI + nBC + nAI + nAC − 4)

CI = d ± 1.96 ∗

√
s2

p

nBI
+

s2
p

nBC
+

s2
p

nAI
+

s2
p

nAC

where s2 and n represent the variances and sample size for each set of treatment/period
combinations [23]. This calculation was performed for both 2016 and 2017 as separate
“after” periods, as we make no assumption of a stepwise change immediately following
restoration combination, comparable to a before–during–after–control–impact study [24].
Additionally, due to the differences between control sites, separate analyses were run treat-
ing ACB or LIR as the control site. These analyses were completed for all four parameters.
Effect sizes were determined to be statistically significant if the confidence interval did not
overlap zero.

Additionally, within-year comparisons between CBR and the two control sites were
conducted for each parameter using Welch’s corrected t-tests, due to nonhomogenous
variation between treatments. For each parameter, CBR was compared to LIR and ACB in
each of the 3 years of study. To account for repeated comparisons, the significance level (α)
was lowered following a Bonferroni correction.

3. Results
3.1. Habitat Characterization PCA

Principal component analysis of local-scale habitat variables demonstrated habitat
separation of LIR from CBR and ACB, while ACB clusters were within the variation
observed at CBR (Figure 2). LIR transects were significantly more positive than either CBR
or ACB along principal component (PC) 1 as determined by ANOVA (spring: F = 213.6,
df = 2, p < 0.001, summer: F = 254.4, df = 2, p < 0.001, fall: F = 142.1, df = 2, p < 0.001) and
subsequent post-hoc Tukey’s HSD (p < 0.001) (Supplemental Figure S1). PC1 was correlated
negatively with habitat length and percent clinging vegetation, while PC2 was moderately
correlated with habitat length, wetted width, and clinging and rooted vegetation (Table 1).
Additionally, ACB habitat clusters were within the variation shown for CBR habitat, with
the exception of significant differences along PC2 in the spring (Supplemental Figure S1).
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Figure 2. PCA of local habitat transect data (BASS) from 2015–2017, coded by treatment (color) and
season (shape) [21,22].

Table 1. Loading values for each original variable on the first two principal components after PCA
analysis of the local-scale habitat data from all three treatments across all three years.

Variable PC1 (33.04%) PC2 (10.03%)

Length of Habitat −0.7813222 0.56131155
Wetted Width 0.18867467 0.54345261

Maximum Depth −0.4353481 −0.303593
Minimum Depth −0.3508264 0.03180419

Standard Deviation of Depth −0.3143273 −0.3162003
% Boulder (>30 cm diam.) Substrate 0.03491382 0.10338119
% Cobble (8–30 cm diam.) Substrate 0.0179058 −0.1769267
% Gravel (1–8 cm diam.) Substrate 0.3209406 0.09894388

% Sand (0.5 mm–1 cm diam.) Substrate −0.1085014 −0.0468564
% Fine (<0.5 mm diam.) Substrate −0.261565 −0.0232071

% Undercut Bank 0.1614075 −0.1441662
% Large Woody (>30 cm diam.) Debris 0.00951469 −0.3575576
% Small Woody (<30 cm diam.) Debris 0.13093508 −0.2112439

% In-Stream Terrestrial Vegetation 0.08023346 −0.0702898
% Algal Cover −0.7813222 0.56131155

% Rooted Aquatic Vegetation 0.18867467 0.54345261

When examined by year, CBR also showed change following restoration (Figure 3A).
CBR showed significant decline along PC1 (F = 11.2, df = 2, p < 0.001, Figure 3B) and PC2
(F = 26.95, df = 2, p < 0.001, Figure 3C) from 2015 to both 2016 and 2017, as determined by
ANOVA and subsequent Tukey’s HSD (p < 0.01). These findings are robust to separate
analysis by season (Supplemental Table S2).
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Figure 3. PCA of local habitat transect data (BASS) from 2015–2017, coded by treatment (color) and
year (shape), with 95% confidence interval ellipses for group centroid based on standard deviation
(outlining ellipses) (A). ANOVAs of CBR data along PC1 (B) and PC2 (C), with significantly different
values (α = 0.05) within each graph, as determined by Tukey’s HSD, marked by different letters;
shared letters represent nonsignificant differences [21,22].
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3.2. Habitat Heterogeneity

No significant seasonal differences were demonstrated in any of the four habitat hetero-
geneity parameters, and thus they were averaged by year to avoid issues with pseudorepli-
cation (Supplemental Table S3). Only standard deviation of depth (SDdep) in 2017 demon-
strated an effect size confidence interval that did not overlap zero (Supplemental Table S4).
When comparing CBR to the reference conditions, changes in both substrate diversity
(Hsub) and standard deviation of depth (SDdep) were observed (Supplemental Table S5).

In-stream cover diversity (Hcov) increased following restoration and continued to
increase over the course of the study in 2016 and in 2017, but was not statistically significant
(Figure 4A). Pairwise Welch’s corrected t-tests within year showed no significant differences
between CBR and the other two treatments in any year (Figure 4B).
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Figure 4. Shannon’s diversity of in-stream cover (Hcov) as given by BACI effect size (A) and actual
values with standard error (B). No significant differences are observed in effect size, with confidence
interval ranges overlapping zero (A) while pairwise Welch’s t-tests were not significant (α = 0.008)
between CBR and other treatments within each year (B). ACB = active cranberry bog, CBR = cranberry
bog restoration, LIR = least impacted reference. All statistical comparisons are listed in Supplemental
Tables S4A and S5B.
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Substrate compositional diversity (Hsub) fell immediately following restoration in
2016, resulting in a statistically significant effect size change relative to LIR, but not ACB
(dLIR = −0.387, CI: (−0.750, −0.024); dACB = −0.240, CI: (−0.533, 0.053)). However, in 2017
the substrate composition increased and was no longer significantly different relative to
either control (Figure 5A). CBR was not significantly different from either other treatment in
2015 or 2017 but was significantly different than LIR in 2016 (Welch’s t = −5.295, ν = 3.874,
p = 0.007) (Figure 5B).
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Figure 5. Shannon’s diversity of substrate (Hsub) as given by BACI effect size (A) and actual values
with standard error (B). Significant differences are noted by confidence interval range not overlapping
zero (A) while pairwise Welch’s t-tests with significant differences (α = 0.008) between CBR and other
treatments within each year are marked with (*) (B). ACB = active cranberry bog, CBR = cranberry
bog restoration, LIR = least impacted reference. All statistical comparisons are listed in Supplemental
Tables S4A and S5B.

Depth standard deviation (SDdep) significantly increased following restoration in 2016
(dLIR = 0.174 CI: (0.064, 0.285); dACB = 0.192, CI: (0.065, 0.319)), and, in 2017, remained
significantly different relative to ACB control but not LIR (dLIR = 0.084, CI: (–0.001, 0.169);
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dACB = 0.152, CI: (0.097, 0.206)) (Figure 6A). Pairwise t-tests show no significant differences
between CBR and LIR or ACB for any years (Figure 6B).
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Figure 6. Standard deviation of depth (SDdep) as given by BACI effect size (A) and actual values
with standard error (B). Significant differences are noted by confidence interval range not over-
lapping zero (A) while all pairwise Welch’s t-tests are non-significant (α = 0.008) between CBR
and other treatments within each year (B). ACB = active cranberry bog, CBR = cranberry bog
restoration, LIR = least impacted reference. All statistical comparisons are listed in Supplemental
Tables S4A and S5B.

Finally, the number of macrohabitats (Nhab) per 100 m at CBR increased in the first
year post-restoration, followed by a slight decline in 2017, but neither were significant
(Figure 7A). Pairwise t-tests demonstrated CBR as significantly different than LIR in 2015
(Welch’s t = −8.014, ν = 3.000, p = 0.004) and 2017 (Welch’s t = −7.475, ν = 3.329, p = 0.003)
(Figure 7B).
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Figure 7. Number of macrohabitats (Nhab) per 100 m as given by BACI effect size (A) and actual
values with standard error (B). Significant differences are not observed for effect size, with confidence
interval ranges not overlapping zero (A) while significant pairwise Welch’s t-tests (α = 0.008) between
CBR and other treatments within each year are marked with (*) (B). ACB = active cranberry bog, CBR
= cranberry bog restoration, LIR = least impacted reference. All statistical comparisons are listed in
Supplemental Tables S4A and S5B.

3.3. Sinuosity

Channel morphology changes after restoration demonstrated an increase in sinuosity
post-restoration; however, this difference is not statistically significant (F = 2.832, df = 3,
p = 0.10) (Figure 8).
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Figure 8. Sinuosity at ACB (n = 3) and LIR (n = 4), as well as pre- (n = 3) and post-restoration (n = 3) at
CBR. Treatments were not significantly different (α = 0.05). ACB and LIR sinuosity were unchanged
in the same time period. ACB = active cranberry bog, CBR = cranberry bog restoration, LIR = least
impacted reference.

4. Discussion

Overall, the results of our study lead to two main findings. First, CBR experienced
a post-restoration shift in local-scale habitat based on a comprehensive habitat survey.
However, after restoration, CBR values were more similar to ACB when examined by PCA.
Second, when habitat heterogeneity metrics were investigated, local-scale changes did
occur, but were limited to declines in substrate diversity and an increase in depth variation,
both properties that are features of ACB rather than LIR.

The BASS habitat characterization PCA of transect data from all three treatments
shows the expected separation between the unimpacted reference (LIR) and both the
active (ACB) and restored cranberry bog (CBR). There was no clear separation between
CBR and ACB within the PCA, contrary to our expectation that CBR would show unique
habitat befitting its 5 years of passive restoration. PCA separation was driven largely
by the relative length of the macrohabitats and the percentage of clinging vegetation.
Both variables are tied to the anthropogenic impact cranberry farming imposes upon the
system, through channelization and loss of riparian canopy cover, respectively [25,26]. This
may demonstrate the legacy effects of agriculture [4,27] and the inability of low-gradient
streams to adequately flush sediments [15] and reshape stream channels [28]. Much of the
variability in CBR sites was found in the first year post-restoration, consistent with both a
disturbance event and potential reorganization period [29]. Although there was no distinct
separation of habitat, variation along PC2 does demonstrate some differences between
ACB and CBR, especially for the first year of restoration. The associated variables of habitat
length, channel width, and in-stream vegetation can be tied to the direct manipulation of
the channel during the restoration.

When we examine the components of the habitat heterogeneity model for individual
contributions to ecosystem level biodiversity, the results are complex. In-stream cover
(Hcov) and substrate diversity (Hsub) can be considered aspects of compositional diversity
due to the niches they create [30]. While neither in-stream cover nor substrate diversity
show statistically significant shifts following restoration, both change in important ways.
In-stream cover monotonically increases into the second year, allowing the possibility of
sustained change in years following the study. Substrate diversity, on the other hand,
declines in the first year and rebounds in the second, potentially operating as a pulse
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response to the rechannelization. This lack of change in compositional diversity runs
contrary to our prediction of increased habitat compositional diversity as a result of the
restorative actions, although significant changes may be masked by small sample size and
high variability. Other studies that have found increases in composition post-restoration
have either assessed later change following restoration [31,32] or monitored specific features
following targeted interventions (e.g., width and flow changes following woody debris
removal [33]). As a measure of structural diversity, standard deviation in depth (SDdep)
was expected to be highest for the LIR treatment, as a diversity of depth may support a
more diverse fish and invertebrate community [34]. However, the extreme variation in
depth, from shallow along the bank to over a meter deep at maximum depth, makes the
channels at CBR post-restoration and ACB sites exhibit a more diverse depth profile than
LIR. Post-restoration, CBR depths became more varied, as the channel was flattened at the
banks to promote flood plain interaction while deepening mid-channel to interface with the
peat layer below the former farm surface [18]. Thus, CBR did exhibit structural increases
in depth profile, but it remains to be seen whether this change will persist in long-term
channel profiling. Finally, number of macrohabitats (Nhab) acted as a proxy for functional
change, as macrohabitats have distinct microhabitats and alterations to water chemistry that
may impact aquatic organisms [16]. Although macrohabitats increased at CBR following
restoration, the increase was not statistically significant. Thus, our hypothesis that CBR
would experience no functional change over the course of the study was upheld, although
the increase observed in the first 2 years post-restoration may bear out as sustained and
quantifiable functional change with continued monitoring.

As a final measure of structural change to the system, the post-restoration sinuosity
increase was found to be not significantly different. Sinuosity has many functions within
the stream channel, including decreasing sedimentation, slowing overall flow, and creating
specialized pool habitats [15,35]. The lack of power due to limited sample size may explain
why the increase was not significant.

The changes observed in the habitat suggest the restoration may have created initial
changes in compositional, structural, and functional diversity beyond what we predicted
as initial change only in the compositional attribute of habitat diversity. Given the lack
of statistical power to determine significant shifts in many cases, whether the functional
change persists after the reorganizational period remains to be seen. Many studies have
suggested that functional change is necessary to accommodate community shifts, while
compositional changes are more likely to occur first [11]. Ecosystem function also is highly
tied to ecosystem resistance and resilience, potentially allowing community shifts to follow.

5. Conclusions

As restorations become more common tools to restore ecosystem functioning and
promote biodiversity, the change in habitat at multiple scales cannot be ignored. Stream
and terrestrial habitats operate at both the local scale and at the watershed scale, affecting
key features such as population persistence or insect dispersal, respectively. At the reach
scale, the characteristics of transect habitat suggest that restoration did not significantly
alter the legacy of farming within the span of the three-year study. Individual components
of reach-scale habitat demonstrate mixed effects, from no change in macrohabitat diversity
or in-stream cover diversity, to transitory change in substrate diversity, with only depth
variability maintaining its post-restoration change during the study period. Notably, how-
ever, we do see the highest changes in the first year of the restoration, suggesting expected
disturbances from restoration activities. The high variability in habitat parameters at CBR
in both years post-restoration also suggests that the system has not yet stabilized [36].

Although 3 years is a relatively short study and does not account for long-term changes
to the riparian zone through reforestation, the activities undertaken as part of the active
restoration were expected to present immediate and persistent changes to the reach-scale
habitat through increases in sinuosity and the incorporation of woody debris. The goal of
complex habitat creation requires targeted monitoring both in the near and longer terms [8].
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The effect, however, appears to demonstrate a system still in flux regarding habitat param-
eters, with some evidence of pulse disturbance rather than maintained change.

Finally, this study is inherently limited in scope, due to the inclusion of only one
restoration site, rather than several. As such, there is an increased risk of identifying
patterns of change that are site specific, rather than broadly applicable. Further work vali-
dating these near-term changes in future cranberry bog restorations as well as longitudinal
study of longer-term changes at cranberry bog restorations are merited. In order to limit
site-specific effects, we recommend a space-for-time substitution study when more projects
of this scope and methodology are completed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13060235/s1, Table S1: Quantitative and qualitative descriptions of the three treatment
sites, cranberry bog restoration (CBR), active cranberry bog (ACB), and least impacted reference
(LIR). Catchment details were obtained through ArcGIS [19] using data provided by MassGIS [37].
Table S2: Cranberry bog restoration (CBR) change over time for principal components 1 and 2 of local
scale habitat PCA (Figure 3). Post-hoc Tukey’s HSD was performed to determine pairwise significant
differences. Significant values (p > 0.05) are bolded. Table S3: ANOVA result table of habitat
heterogeneity parameters with season as predictor variable. Parameters are diversity of in-stream
cover (Hcov), diversity of substrate (Hsub), number of macrohabitats (Nhab), and standard deviation
of depth (SDdep), all of which have been averaged across the 100 m station by the weighted average
of their habitat lengths. Table S4: Effect size (BACI) of change before and after restoration (2015 to
2016, or 2015 to 2017) relative to control (LIR or ACB) treatment. Each effect size is calculated as
described in text, with 95% confidence intervals generated from pooled variance. Bolding represents
effects with confidence intervals not overlapping 0. ACB = active cranberry bog, CBR = cranberry
bog restoration, LIR = least impacted reference. Table S5: Within-year differences between CBR and
control treatments. T values represent Welch’s two-tailed t-tests between CBR and listed treatment in
the same year. Due to unequal variances, Welch’s t-tests calculate ν, a modified df. Bolding represents
changes that are significantly different (α = 0.008, Bonferroni correction for six comparisons per
year). ACB = active cranberry bog, CBR = cranberry bog restoration, LIR = least impacted reference.
Figure S1: ANOVA results for Principal Components 1 and 2 from local scale habitat transect (BASS)
data. Analysis was performed within seasons to avoid confounding variables from seasonal change.
PC1 in spring (A), PC1 in spring (A), PC2 in spring (B), PC1 in summer (C), PC2 in summer (D), PC1
in fall (E), PC2 in fall (F). Significantly different values within each graph, as determined by Tukey’s
HSD, are marked with different letters; shared letters represent nonsignificant differences.
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