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Abstract

Cumulative human impact analysis is a promising management tool to estimate the impacts of
stressors on ecosystems caused by multiple human activities. However, connecting cumulative impact
scores to actual ecosystem change at appropriate spatial scales remains challenging. Here, we
calculated cumulative effects (CE) scores for 187 seagrass beds in Atlantic Canada that accounts for
both bay-scale and local-scale anthropogenic activities. We then developed a CE threshold to evaluate
where degradation of seagrass beds from multiple human activities is more likely. Overall, the CE
score was the best predictor of human impacts for seagrass beds. Locations with high watershed land
alteration and nitrogen loading had the highest CE scores; however, we also identified seagrass beds
with high CE scores in regions characterized by generally low levels of human activities. Forty-nine
seagrass beds exceeded the CE threshold and, of these, 86% had CE scores that were influenced by
three or more stressors that cumulatively amounted to a large score. This CE threshold approach
can provide a simplified metric to identify areas where management of cumulative effects should be
prioritized and further highlights the need to consider multiple human activities when assessing
anthropogenic impacts to coastal habitats.

Key words: Cumulative effects, anthropogenic impacts, human activities, thresholds, coastal
ecosystems, seagrass, Zostera marina, coastal management, conservation planning

Introduction

Cumulative human impact (CHI) mapping has emerged as a promising management tool to better
account for and estimate the impacts of stressors caused by multiple human activities in marine
systems ( ; ). CHI mapping methods combine knowledge of the
distribution and intensity of multiple human activities with estimates of the vulnerability of different
habitats (or species) to individual stressors, into a single comparable cumulative effects (CE) score
( ). While CHI mapping cannot reveal possible synergistic or antagonistic effects
among multiple stressors, this additive CE approach provides a simplified metric to evaluate risk to
marine habitats that can more easily be communicated for management decisions.

Most CHI mapping in the marine realm has focused on broadscale quantification of human activities,
having been applied globally ( , ) or regionally (

; ). These maps are typically developed on
a>1 krn2 grid, making it difficult to assess CE for individual habitats that occur over smaller spatial
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scales. Further, those maps that do quantify CE in smaller grids (<1 km?) often include stressors that
have been scaled down from global estimates, making these maps difficult to apply to local and
regional management decisions ( ). Broadscale CE maps are also less relevant for
biogenic habitats, like seagrass or kelp beds, that are influenced by not only broadscale human
activities (e.g., watershed land use) but also those occurring at finer, more local scales (e.g., aquaculture
or shoreline alterations) ( ).

Improving impact predictions and providing insight into what areas represent priorities for coastal
zone management can be achieved by incorporating thresholds into cumulative effects analyses
( ). However, this is challenging given the unknowns in thresholds for various
anthropogenic activities, as well as the specificity of thresholds to habitat types, locations, and poten-
tially other factors (e.g., season) ( ). The identification of thresholds and the level of
disturbance (i.e., quantity of pollutant, intensity of stressor) beyond which substantial ecosystem
changes are expected, are common applications in environmental management to prevent dramatic
shifts in ecosystem structure and functioning ( ). While discrete thresholds are
useful in areas dominated by a single human activity, this is rarely the case in coastal habitats that
are increasingly subjected to multiple co-occurring stressors ( ; ;

). Empirically derived thresholds that can be used to predict ecosystem risk from
cumulative impacts are not readily available given the lack of data on how multiple anthropogenic
stressors combine and impact marine ecosystems ( ; ).
Furthermore, managers are typically only presented with the past, present, and (or) future human
activities occurring in an area, rather than the explicit levels of environmental stress resulting from
those human activities. Thus, a different yet complementary estimation approach for CE thresholds
is necessary.

Seagrass is a globally distributed marine plant that provides many valuable ecosystem services,
including nursery habitat, sediment stabilization, and carbon storage ( ;

; ). Seagrass habitats provide an ideal case study to estimate a
CE threshold and evaluate its use as the influence of human activities, and associated threshold effects
have been well studied relative to other Canadian coastal marine habitats ( ).
Human activities and related stressors have been linked to seagrass degradation and decline
worldwide ( ; ; ), with the cumulative effect of
localized stressors playing an important role ( ). Thus, increased attention to the
CE of multiple human activities is a priority for improving management and conservation of seagrass
ecosystems ( ). In Canada, the dominant seagrass species, eelgrass (Zostera
marina), creates important biogenic habitat on all three coasts, has been designated an ecologically
significant species by Fisheries and Oceans Canada, and is identified as an important habitat to
include in management and conservation planning ( ; ;

). While federal legislation relevant to seagrass protection may consider CE (Modernized
Fisheries Act Bill C-68 section 34.1(1)(d)), there has been little focus on quantifying the magnitude
of CE specific for seagrass habitats. Previous assessments have quantified the magnitude of a suite
of human activities occurring in or near seagrass beds in Canada, yet none of these have combined
the extent of human activities using a CE approach ( ; ;

; ; ; ). Assessing human activities
within seagrass beds and seagrass inhabited bays from a CE perspective would provide an overall
representation of human impacts that accounts for differences in seagrass vulnerability to different
activities and stressors.

Here, we calculate CE scores for 187 seagrass beds located along the coast of Atlantic Canada using a
widely applied CHI methodology ( ). This work builds on an earlier study by
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, who quantified the intensity of multiple human impacts (five bay-scale and
four local-scale) individually. While they provided a qualitative ranking of stressor intensity, they
were not able to weight the relative importance of the human impacts according to seagrass vulner-
ability, preventing a more quantitative ranking of importance or an overall cumulative impact score.
Now we aim to assess the combined impact of human activities near seagrass beds using a cumulative
impact framework that translates the intensity of individual human activities into overall impact using
knowledge of seagrass vulnerabilities. Applying this framework distills the cumulative effect of
multiple stressors into a single estimate of relative impact on seagrass beds that is comparable across
multiple scales. We also advance the application of the CHI methodology, by combining published
thresholds for the individual stressors included in the calculation of our CE scores into a single
CE threshold. We compare our CE scores against this threshold to evaluate how many
seagrass beds may be at higher risk for degradation from multiple stressors and to identify locations
where management of cumulative impacts should be prioritized. Finally, we discuss CE thresholds
as a tool for impact assessments, and how CE scores and thresholds can strengthen conservation
and management decisions compared to using scores for individual stressors alone.

Methods

Seagrass bed locations

We calculated CE scores for 187 eelgrass (Z. marina) beds, hereafter referred to as seagrass beds,

located in 54 bays along the coast of Atlantic Canada. Seagrass bed locations were compiled from field

surveys conducted over the past decade ( ; ; ;

; ; ). Of the 187 beds, 180 were included in

, while seven additional seagrass bed locations were included from

. The seagrass bed locations span three provinces (Nova Scotia (NS), New Brunswick

(NB), and Prince Edward Island (PEI)) and two bioregions (Scotian Shelf and Gulf of St. Lawrence).

Seagrass beds in these bioregions typically experience different oceanographic conditions, with a

lower range in water temperature and a higher range of wave exposure on the Scotian Shelf coastline

( ). However, seagrass beds in both regions are also subjected to short-term physical

processes that are independent of regional processes, such as the daily heating and cooling of sheltered
and shallow beds ( ).

Cumulative effects scores

To calculate a CE score for each seagrass bed, we applied an additive methodology (sensu

) that quantifies cumulative impacts by combining the intensity of individual stressors with
impact weights specific to eelgrass ecosystems, then sums these individual impacts into a single CE
score. While human activities can also interact to influence ecosystems synergistically or antagonisti-
cally ( ; ), most CE studies assume additive impacts given the
vast unknowns for other types of interactions ( ; ).
Cumulative impact scores for seagrass (Is) were thus calculated as:

n
Is= DX S X (1)

i=1

where 7 is the number of human activities, D; is the normalized value of intensity of activity i at each
seagrass bed, S; is the presence of seagrass ecosystems (and thus reduces to 1), and u;; is the impact
weighting (or habitat vulnerability) of seagrass bed j to human activity i ( ).
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Table 1. Human activities included in the cumulative effects scores, measures of human activity intensity, and corresponding stressors and vulnerability

scores from Kappel et al. (2012a).

Human activity

Nutrient pollution

Hardened shoreline

Invasion extent

Watershed land use—agriculture

Shellfish aquaculture activity

Watershed land use—urban

Intensity measure Corresponding stressor Vulnerability score
Human-derived nitrogen loading rate (kg N Nutrient input: into oligotrophic waters 2.3
ha bay ™" year™") (for NS and NB sites)
Nutrient input: into eutrophic waters 2.9

(for PEI sites)

Anthropogenically hardened shoreline, % Coastal engineering: altered flow dynamics 2.8

Number of invasive biofouling species Invasive species (from ballast, etc.) 2.6
considered established

Watershed agriculture Sediment input: increase 2.2
land cover, %

Lease area within 25 m radius Aquaculture: shellfish 2.0
standardized to marine area

Watershed urban land cover, % Average of two stressors related to urban land 1.95

alteration: urban runoff and inorganic
pollution

Note: NS, Nova Scotia, NB, New Brunswick, PEL, Prince Edward Island.

We used human activities as proxies for stressors (e.g., urban watershed land use is a proxy for pollu-
tion run-off) since in most cases direct measurements of stressors are not available for all seagrass
beds in the region. Therefore, we refer to the intensity of human activities as stressor scores
(i.e., the D;). Six stressors were chosen for their expected influence on coastal biogenic habitats like
seagrass: urban watershed land use, agricultural watershed land use, nitrogen loading, invasion extent,
near-field shellfish aquaculture activity, and hardened shoreline (Table 1). We did not include climate
change related stressors as we chose to focus on stressors that could be managed on local or regional
scales. To calculate stressor scores for urban watershed land use, agricultural watershed land use, and
nitrogen loading, we used intensities from the standardized coastal human impact metric previously
published in Murphy et al. (2019). While the three land-based activities included in the CE score
(urban land use, agriculture land use, and nitrogen loading) are interrelated and have
similar root causes, we include each of them separately in the CE score because they each represent
different stressors to seagrass (urban runoff and inorganic pollution, sediment input, and nutrient
input, respectively; Table 1) that can elicit different plant responses. While the quantity of inorganic
nitrogen loading is a better predictor of seagrass coverage than total nitrogen loading (Coffin et al.
2021), we use estimates of total nitrogen loading taken from nitrogen loading models in the CE score
since nitrate concentration data were not widely available across the 187 sites included in this study.
We conducted a sensitivity analysis for selected sites where both measures were available and deter-
mined that using total-N loading to represent relative anthropogenic nutrient input instead of
nitrate-N loading does not result in major changes to the overall CE scores (Supplementary
Material A.2 and C).

We adjusted the calculation of two additional stressors in Murphy et al. (2019), invasion extent and
near-field shellfish aquaculture, to more closely link these stressors with previously published
thresholds (see below). Invasion extent was adjusted to represent the number of established invasive
biofouling species (>3 consecutive years of sightings) as opposed to a 10-year average of invader
presence/absence. Murphy et al. (2019) included two sub-measures for shellfish aquaculture
(near-field (<25 m) and mid-field (<1 km)) and only considered presence/absence of shellfish aqua-
culture within these ranges. Here, we measure shellfish aquaculture activity as the area of shellfish
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aquaculture leases within a 25 m radius surrounding each seagrass bed, standardized to the marine
area within the 25 m radius. We excluded four activities included in (overwater
structures, water quality, riparian land alteration, and fishing activity) from the CE score as these
activities do not have published thresholds available and it is currently unclear at what levels these
activities become detrimental to seagrass. Finally, we included one additional stressor not previously
included in to represent the impact of hardened shorelines on seagrass beds
( ). We used Google Earth (Google Earth Pro, 2021) and the most recent and clearest
imagery data available for each site (ranging between 2014 and 2021) to measure the percentage of
shoreline that had been anthropogenically hardened (including riprap, bulkheads, bridge, and wharf
abutments, etc.) within 1 km of each seagrass bed.

Vulnerability scores for seagrass habitats (i.e., the u;;) have not been developed for Atlantic Canada;
thus, we used a vulnerability matrix developed for the nearby New England region that includes
vulnerability scores (also called impact weights) for 14 marine ecosystems, including seagrass
( , ). Current evidence supports the application of vulnerability matrices
developed in a specific area to different regions ( ). These vulnerability scores were
developed using a standardized survey design to gather knowledge from experts on criteria that are
expected to influence the vulnerability of an ecosystem to a stressor ( ;

)- The five vulnerability criteria considered by experts in the calculation of a single vulnerability
score for each ecosystem-stressor combination included: (i) the spatial scale that a stressor will impact
an ecosystem, (ii) the frequency of the stressor, (iii) the trophic impact and extent of marine life
affected by a stressor within an ecosystem, (iv) the degree to which the ecosystem’s “natural” state is
changed by the stressor, and (v) the time it will take for the affected components of the ecosystem
to return to their former state following the impact ( ). The vulnerability matrix
developed by provides vulnerability scores for 58 stressors. We use the vulner-
ability scores specific to seagrass habitat from and link each of the six human
activities included in the CE score to the dominant stressor expected to be caused by that human
activity ( ). Nutrient pollution was further separated into region-specific stressors with separate
vulnerability scores since the PEI bays and estuaries are generally considered eutrophic while those in
NS and NB are generally considered oligotrophic.

Before weighting stressors based on vulnerability, the intensities of the six individual stressors were
normalized (i.e., adjusted to range between 0 and 1), with zero representing the absence of the stressor
and one representing the highest observed value within the region plus 10%. We added 10% to the
maximum observed value for each impact in our dataset as this range has been suggested as appropri-
ate to capture current and likely near-term future levels of the stressors and are often used in CE
analyses ( ). An example of the CE score calculation can be found in

>

We assessed differences in CE scores among and within regions using 95% confidence intervals
around the medians ( ). For regional comparisons, we split the Gulf of
St. Lawrence into the mainland coast (Gulf NS 4+ NB) and PEI. We grouped seagrass beds into five
CE classes (very low to very high impact) based on the Jenks natural breaks classification method,
which groups CE scores into classes by minimizing within-class variability and maximizing
between-class variability. We conducted a Principal Components Analysis (PCA) using the six
individual stressor scores and the CE score for each seagrass bed to identify the stressors that
explained the most variation in the magnitude of human activities across seagrass beds. We centered
and scaled variables before analysis. We considered any variable that had a loading that contributed
more than one variable worth of information (>0.378) as an important contributor to the principal
component. The PCA was conducted using the vegan package in R ( ).
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The CE scores we calculated for all 187 seagrass beds are relative to each other and to the total number
of stressors considered in the calculation. To relate the CE scores to actual impacts we would expect
human activities to have on seagrass, we calculated a CE threshold score that was derived from
existing threshold values for each individual stressor. We conducted a literature review to identify pre-
viously derived threshold levels for each of the six individual stressors. For some stressors, thresholds
specific to seagrass habitat were not available so we used thresholds related to aquatic vegetation or
coastal health in general. Table 2 outlines the individual threshold levels used in the calculation of
the CE threshold score and the rationale behind the selection of each threshold. We used the thresh-
olds for the individual stressors to estimate the CE threshold using the same methods and
formula described above for the CE scores but replaced the intensity of each stressor with the identi-
fied threshold levels (Table 2; see Supplementary Material A, Table S2 for calculation). Therefore,
the CE threshold score is the same across all 187 eelgrass beds and was estimated to be 3.17 in NS
and NB sites, and 3.26 in PEI sites (i.e., I+ = 3.17 or 3.26). We evaluated which seagrass bed CE scores
exceeded this threshold (i.e., which Ig> I7) to assess how many seagrass beds may be at risk for

Cumulative effects threshold

Table 2. Rationale for selection of stressor thresholds used in the calculation of a cumulative effects threshold score for seagrass habitats.

Human activity

Nutrient pollution

Hardened shoreline

Invasion extent

Watershed land
use—agriculture

Shellfish aquaculture
activity

Intensity measure Threshold Rationale
Human-derived nitrogen loading 100 kg N-ha™" year™ ¢ Estimated 50% eelgrass decline when total nitrogen is
rate (kg N ha-bay™"-year™) approximately 100 kg N-ha™"-year™" (Valiela et al. 1997)

e Nitrogen loading shown to be detrimental to eelgrass
coverage at loading rates of 50-100 kg N-ha™"-year™" (Latimer
and Rego 2010).

« Inorganic nitrogen loads of 57 kg Nitrate-N-ha™'-year™" has
been linked to 50% decline in eelgrass cover (Coffin et al. 2021).

Shoreline anthropogenically 5.4% ¢ Submerged aquatic vegetation abundance was lower in

sub-estuaries with >5.4% hardened shoreline (i.e., riprap;
Patrick et al. (2014).

Number of invasive biofouling 1 o Established biofouling invaders can lead to shading, breakage,
species established

and reduced growth of aquatic vegetation (Wong and
Vercaemer 2012, Carman and Grunden 2010, Moore et al.
2018).

¢ Even low biofouling on eelgrass shoots can result in modest
impacts to eelgrass growth (Long and Grosholz 2015).

o Persistent species observance for 2-3 consecutive years
generally considered established (C. DiBacco DFO Aquatic
Invasive Species Group, personal communication, June 2020).

Watershed agriculture 19% e See Supplementary Material A, Table S3 for literature search
results

Marine area covered by shellfish 20% ¢ Oyster aquaculture leases exceeding 20% density spatially

aquaculture leases within 25 m compete with eelgrass (Wagner et al. 2012).

o Shellfish aquaculture leases within 25 m of seagrass beds can
lead to shading and physical damage of seagrass (Vance 2014,
Skinner et al. 2013).

Watershed land Watershed urban land cover, % 21.5% o Greater than 20% watershed developed land is related to
use—urban significant negative effects on submerged aquatic vegetation
(Li et al. 2007).
e See Supplementary Material A, Table S4 for literature search
results
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degradation from multiple stressors. Finally, we assessed how many of the six individual stressor
scores exceeded the corresponding individual threshold levels for all 187 seagrass beds.

Results
Cumulative effects scores

We observed a gradient of CE scores for seagrass beds in Atlantic Canada ranging from 0.14 to 7.05
( ). The maximum possible CE score (i.e., if each stressor was at the maximum observed value
within a single site) was 11.65. However, this maximum score is unlikely given the improbability of all
six stressors reaching maximum levels at a site. Relative to all 187 seagrass beds assessed, those along
the coast of PEI (n = 66) had the highest CE scores (median = 3.77 + 0.42 95% CI; ). Median CE
scores for seagrass beds in the Gulf NB + NS region (1.23 + 0.18, n = 97) were also significantly lower
than median CE scores in the Scotian Shelf region (2.02 +0.29, n = 24).

The lowest CE score across all 187 beds (0.14) was in the north bay of St. Simon in Gulf NB + NS.
While the median CE score for Gulf NB 4+ NS seagrass beds was also the lowest among the three
regions, beds in this region experienced a wide range of CE classes, with eight beds classed as very
high or high and 40 beds classed as very low. Scotian Shelf seagrass beds were generally classified as
relatively low impact, with no seagrass beds in the Scotian Shelf region classed as very high; however,
four were classed as high (three located in St. Margaret’s Bay and one located near Crescent Beach;

). The Scotian Shelf region also had three seagrass beds with the second lowest CE scores
among all 187 beds (0.23), all located along the Eastern Shore of Nova Scotia. Twenty-nine seagrass
beds in the Gulf region were classed as having very high CE scores; all but one of these beds were
in PEL

The first principal component (PC1) in the PCA of the CE scores and individual stressor scores

explained 45% of the variation across the seagrass beds ( ). CE scores were the best predictors
of separation among groups along PC1, with other large positive loadings for agriculture cover and
nitrogen loading ( ; , ). The second (PC2) and third (PC3)

principal components explained 16% and 14% of the variance across seagrass beds, respectively.
Together, these axes captured a gradient in hardened shorelines and shellfish aquaculture activity
among seagrass bed locations. Both stressors had large positive loadings for PC2 and were mainly
associated with beds in Gulf NB + NS and PEIL. On PC3, hardened shorelines had large positive
loadings and shellfish aquaculture had large negative loadings, and distinguished seagrass beds with
near-field shellfish aquaculture from those without ( , ).

Assessing the risk of degradation from multiple stressors using a
cumulative effects threshold

Forty-nine of the 187 seagrass beds (26%) had CE scores that exceeded the CE threshold ( ).
Of these, the majority (88%) were in PEI ( ). Of the 66 seagrass beds in PEI,
65% were above the CE threshold ( ). Only five (10%) seagrass beds in Gulf NS + NB and
one (2%) Scotian Shelf seagrass bed were above the CE threshold ( ). Seventeen seagrass beds
had CE scores within 10% of the threshold, indicating they are at risk of exceeding the threshold if
nearby human activities were to increase. This includes three seagrass beds in the Scotian Shelf, four
seagrass beds in Gulf NB + NS, and 10 seagrass beds in PEI ( ).

Seagrass beds that exceeded the CE threshold typically had multiple stressors that exceeded their
individual thresholds ( ). Thirty-six seagrass beds did not exceed any of the individual stressor
thresholds and, as expected, most CE scores of these beds were classified as very low. Fifty-nine
seagrass beds had only one individual stressor score exceed the corresponding threshold. Most of
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these beds had CE scores ranging from very low to low; however, some of the CE scores were classed
as high and one exceeded the CE threshold (Cocagne.H). The majority (79%) of seagrass beds where
two component stressors exceeded their individual thresholds still had CE scores below the estimated
CE threshold (Fig. 4). Only six seagrass beds had two stressors that exceeded their individual
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cates the estimated CE threshold score for the New Brusnwick and Nova Scotia sites (3.17) and blue dashed line
indicates the estimate CE threshold score for the Prince Edward Island sites (3.26)

thresholds and a CE score that also exceeded the estimated CE threshold ( ,
). In contrast, the majority of seagrass beds where three, four, or five component stressors
exceeded their individual threshold levels also had CE scores that exceeded the estimated CE thresh-
old (62%, 76%, and 100%, respectively). Not surprisingly, in many cases the seagrass beds identified in
as highly impacted also had among the highest CE scores (e.g., Pictou and Mill
River in the Gulf of St. Lawrence, and St. Margaret’s Bay in the Scotian Shelf; ). Similarly,
low-impacted seagrass beds identified in also typically had the lowest CE scores
(e.g., Kouchibouguac in the Gulf of St. Lawrence and Cable Island in the Scotian Shelf; )-

Discussion

Applying a CE approach to a recent analysis of human activities near seagrass beds in Atlantic Canada
has revealed several insights regarding the influence of multiple stressors on seagrass beds. First,
CE scores were the best predictors of human impacts among seagrass beds across a broad spatial
scale. Next, vulnerability weights used in the calculation of CE scores provided a more holistic assess-
ment of human impact near seagrass beds compared to individual assessments of stressors
(i.e., ). Finally, CE threshold score estimates can provide a simplified metric to
evaluate risk to marine habitats that is easily communicated for management applications, with
subsequent repercussions for conservation decisions.

Our results revealed three distinct gradients of human activity across the 187 seagrass beds. The first,
and strongest, gradient was defined by variation in CE scores. Seagrass beds with high CE scores were
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more often located in bays with high human-derived nitrogen loading and high watershed land alter-
ation, and to a lesser extent, the presence of invasive species and high urban watershed land alteration.
While nutrient loading and land alteration were the largest contributors to the overall CE score, this is
not because they had the highest vulnerability scores and were given more weight in the CE score
calculation. In fact, two activities (invasion extent and hardened shorelines) had higher vulnerability
scores ( ) and were therefore considered more detrimental to seagrass ecosystem health and,
in turn, weighted more heavily in the CE score. Instead, our results show that seagrass beds are more
likely influenced by the combination of human activities that cause multiple stressors that contribute
to high CE scores. For example, of the 71 seagrass beds with high agricultural land cover within the
watershed (>19%), 87% also had high impact scores (i.e., above defined thresholds from )
for at least two other human activities and 25% had high impact scores for at least three other human
activities. Seagrass and other near-shore ecosystems have experienced the fastest increase in cumula-
tive human impacts in marine systems globally, and intensification of land-based pressures has
contributed to this fast pace of change ( ). The stressors resulting from land-use
intensification are often considered to be among the most significant threats to seagrass ecosystems
( ; ; ); therefore, accounting for the full
array of stressors resulting from land use, including sediment and pollution run-off, nutrient loading,
wave energy alteration, and others, is important to accurately assess CE to seagrass and other
nearshore ecosystems.

Our results also revealed a second gradient of human activities defined by variation in shellfish
aquaculture and hardened shoreline. Higher CE scores were found in seagrass beds with a greater
proportion of the adjacent shoreline anthropogenically hardened (i.e., riprap, breakwater, etc.) that
also had higher coverage of shellfish aquaculture leases within 25 m. In our calculation of CE scores
for seagrass beds in Atlantic Canada we included a combination of bay-scale and local-scale human
activities. Management strategies that reduce specific local-scale stressors have been shown to
enhance the resilience of coastal habitats to global stressors ( ). Therefore, cumulative
human impact maps that identify local-scale stressors, like adjacent hardened shoreline or nearfield
shellfish aquaculture, and the cumulative effect of these stressors, can be an important management
tool. However, fine-scale cumulative human impact mapping across an entire region is difficult and
most fine-scale mapping efforts are limited to single bays (but see ), making
coast-wide comparisons difficult. Using a CE approach to combine bay-scale and local-scale human
activities for a single habitat of interest across an entire region, as we have done here, can support
management and conservation planning by providing detailed information on local-scale CE rather
than scaling down from broader cumulative human impact maps that would not be as precise.

We expected high CE scores for PEI seagrass beds given the high intensity of nutrient loading and
shellfish aquaculture activity in the province, and many of these seagrass beds were located in closer
proximity to centers of high human populations than for seagrass beds in other provinces.
However, our results also revealed high CE scores in some seagrass beds in the Scotian Shelf and
Gulf NS + NB regions that were less expected given the relatively lower influence of human activities
in those regions. For example, two Scotian Shelf seagrass beds (Crescent Beach and St. Margaret’s Bay
A) had high CE scores, with Crescent Beach exceeding the CE threshold and St. Margaret’s Bay A with
a CE score within 5% of the CE threshold. The high scores in these two beds were driven by a combi-
nation of high established invasive species richness and either another activity that exceeded the
individual threshold (i.e., hardened shoreline for Crescent Beach) or several activities that did
not exceed their individual thresholds but cumulatively amounted to a higher CE score
(i.e., St Margaret’s Bay A). The ability to identify anomalous locations highly impacted by human
activities within a region that is otherwise characterized by generally low CE scores is an important
aspect of the CE approach and would allow targeted management actions. These results also highlight
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the importance of considering multiple marine and land-based stressors when assessing human
impacts to coastal ecosystems. While there are other seagrass beds in the Scotian Shelf region with
high established invasive species richness (e.g., Port 'Hebert with 4 established invasive species),
our results show that the impact of cumulative human activities is of less concern at these sites given
their low CE scores. This knowledge is particularly important for informing restoration and manage-
ment plans, as focusing on the impacts of only one dominant stressor (e.g., invasive species) may
obscure the complete picture of anthropogenic influence on a site ( ).

CE analyses typically include several related human activities, given that multiple stressors with different
mechanisms of action on ecosystem components and with different levels of intensity, can result from
similar activities ( ; ). In our study, we included three interre-
lated land-based impacts in the CE score as they represented different stressors to seagrass (urban runoff
and inorganic pollution, sediment input, and nutrient input) that could elicit different plant responses.
While agricultural land cover and nutrient loading were correlated (r = 0.71), the nutrient loading metric
incorporates inputs from several other sources including atmospheric deposition, wastewater, and
industrial outputs. Since the nutrient loading stressor score already accounts for fertilizer run-off from
agricultural activities, we used agricultural land cover as a proxy for sediment input as we did not have
direct measurements of this stressor. Including both nutrient loading and sediment input in CE scores
for seagrass is important since excess nutrient loading primarily impacts seagrass through reduced light
attenuation from algae overgrowth, while excess sediments can have negative impacts through burial of
shoots ( ) or by changing sediment chemistry ( ). Despite having
similar root causes, the importance of nutrient loading and sediment input (agricultural cover) in the
CE scores supports the inclusion of multiple stressor pathways with different mechanisms of action to
provide a more holistic picture of the complex network of impacts important for seagrass health.

Cumulative effects thresholds as a tool for seagrass management
and conservation

Our development of the CE threshold approach translates the (relative) CE score into a potential measure
of habitat (or ecosystem) status that can be used to identify areas where degradation from multiple
human activities is more likely. Of the 49 seagrass beds that exceeded the CE threshold, 86% had CE
scores that were highly influenced by three or more stressors that cumulatively amounted to a large score.
This emphasizes the need to consider multiple human activities when assessing anthropogenic impact to
seagrass (or any coastal) habitat. Considering activities in a singular manner will fail to capture the cumu-
lative stress on seagrass beds that are subjected to multiple human activities. Only six seagrass beds that
exceeded the CE threshold had only two dominant human activities and only one seagrass bed with
CE scores exceeding the CE threshold had only one dominant human activity (

, ). However, in the majority of these seagrass beds, the CE score would not have
exceeded the CE threshold if only the one or two dominant human activities were considered. Each of
these seagrass beds were also influenced by other human activities that did not exceed the individual
stressor thresholds, with these activities contributing cumulatively to exceed the CE threshold.

Effective recovery and restoration of seagrass habitat requires careful site selection and management
approaches that limit the impacts caused by multiple human activities ( ,

). Given that the tolerance of marine ecosystems to stressors will vary, linking CE
scores to CE thresholds allows identification of ecosystems that will be negatively impacted by multi-
ple human activities. Consideration of CE thresholds can also aid in marine protected area (MPA)
planning by providing knowledge of the risk of degradation from multiple activities in surrounding
areas, which can affect the success of an MPA or other spatial conservation measure (e.g., marine
park, marine refuge/reserve). Often the limited funds available for restoration or conservation
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initiatives means that plans need to prioritize the best economic and ecological returns; using CE
thresholds to identify those areas may be beneficial.

The CE threshold we have calculated is a conservative estimate, as we only included activities or stres-
sors for which we could find published quantitative thresholds. Other human activities and stressors
that are known to affect seagrass beds, such as boating activity (e.g., ) or over-
water structures (e.g., ), could also be important, but were not included in
our analysis since thresholds were difficult to identify. Thresholds for seagrass growth have been
identified for several environmental factors and their interactions (e.g., light, temperature;

; ), yet further work to link the magnitude of human activities to environmental
thresholds is necessary to accurately predict how seagrass beds will respond to CE of human activities,
including synergistic or antagonistic effects ( ). The thresholds for human activities we
have included in the CE threshold estimate could also be improved in the future by linking them more
explicitly to environmental thresholds known to influence seagrass (i.e., measuring the direct effects of
a stressor rather than using a proxy). Furthermore, approaches that could link the magnitude of
human activities to environmental thresholds would be a valuable tool, increasing our ability to make
predictions for how seagrass would be expected to respond to the CE of human activities.

Caveats and next steps

There are a number of caveats to the calculation of CE scores and thresholds we present here, along
with further research that should be done in the future to expand and improve upon this work.
First, the vulnerability scores used were not specific to Atlantic Canada and instead were previously
developed for the New England region ( ). Comparisons of the results of the same
elicitation approach applied to separate groups of experts in California vs. New England supports
the generalizability of applying vulnerability weights across regions ( ); however,
differences in environmental conditions between or within regions may alter the response of seagrass
to stressors ( ). For example, warmer temperatures increase the light require-
ments of seagrass and can consequently increase their vulnerability to stressors that limit underwater
light ( ). Ongoing work by Fisheries and Oceans Canada to revise the vulner-
ability scores from , ) to better reflect Atlantic Canadian marine habitats
may also provide additional insight on inter-regional differences in vulnerability of coastal habitats
to human activities and advance the CE scores for this region in the future.

We calculated the CE threshold scores using the same thresholds for all seagrass beds; therefore, the
score only varied slightly due to our use of differing nitrogen loading vulnerability weights for PEI
versus NS and NB beds. However, the static CE threshold scores (i.e., I7=3.17 and 3.26) may actually
vary considerably depending on the environmental context. For example, comprehensive nutrient
loading thresholds developed by for PEI seagrass beds are useful to assess the risk
of seagrass decline from nutrient loading in a region dominated by agricultural land use. However,
these thresholds are not applicable to seagrass in NS and NB given different oceanographic conditions
experienced by seagrass beds between the two regions (i.e., micro- vs. macro-tidal estuarine condi-
tions), and the use of inorganic nitrogen load data used to develop the empirical relationship from
which the threshold response was estimated. While total nitrogen load (the values available for our
inter-regional comparison), would be similar to inorganic nutrient load in areas dominated by
agriculture (like PEI), the composition would vary in NS and NB depending on the main source of
nitrogen. These inter-regional differences in data availability made it difficult to apply thresholds
specific for inorganic nitrogen across the 187 seagrass beds we assess in this paper. Further work to
include pertinent environmental information to adapt thresholds across different regions could
increase the suitability of the thresholds used and, in turn, the accuracy of the CE threshold score.
In addition, since seagrass is more influenced by nitrate-N loading rate than total-N loading rate
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( ), the CE scores could be refined in the future by using dissolved inorganic
nitrogen concentration data to represent anthropogenic nutrient loading, should such information
become available for all seagrass sites. Given that nitrate concentration data are not always readily
available, the use of nitrogen loading models to estimate total nitrogen loading rates provides a more
widely applicable method to estimate CE and aligns with a more precautionary approach to identify
impacted seagrass beds, throughout Atlantic Canada (as the CE thresholds were lower when using
total nitrogen versus nitrate loading rates; see ).

The information available for each human activity (and its associated stressors and mechanism of
action) varies greatly, presenting more of a data gap rather than a knowledge-based one for cumula-
tive impact analyses. While land-based stressors (nutrient loading, sediment input) appeared to be
dominant components of the CE score for many seagrass beds, this may be an artefact of having less
accurate intensity estimates for lesser-known stressors (i.e., invasive species extent vs. nutrient load-
ing), or having excluded other types of marine-based stressors altogether (e.g., overwater structures,
fishing activity, etc.). Human stressors additional to those included in our CE score occur in the
region and may influence seagrass ecosystems, yet could not be incorporated owing to incomplete
data availability or estimated threshold levels for seagrass. For example, these include coastal com-
mercial fishing activity, boating activity, and overwater structures as presented in

, but may also include historical stressors that have legacy impacts (i.e., pollutants from
coastal gold mining operations) or stressors whose impacts are only beginning to be acknowledged
(i.e., lost or discarded fishing gear). Further research to quantify the extent to which these activities
impact seagrass habitat in the region and the appropriate threshold levels past which seagrass degra-
dation is likely would allow inclusion into the CE score and threshold calculations, improving the
accuracy of this assessment.

Most importantly, future work should validate the CE scores presented here using seagrass field data
to evaluate how the CE scores correlate with seagrass ecosystem conditions. Species distribution
models could also be used for validation to assess whether the CE scores we have calculated here
can help explain areas of the coast where seagrass beds could exist based on environmental conditions
(i.e., temperature, substrate type) but do not, perhaps because of the impacts from multiple human
activities. Cumulative impact assessments are rarely validated using empirical data and those that
have been done have reported conflicting relationships. found that cumulative
human impact measures were negatively related to biodiversity status, whereas other studies have
observed only weak relationships between estimated cumulative impacts and other indicators of
ecosystem condition such as benthic community abundance and composition ( ).
Specifically for seagrass, found that cumulative impact assessments were
not a good indicator of seagrass bed structure (e.g., percent cover, shoot density, etc.). Given that
few validation studies have been conducted, and those that have been done typically use very different
indicators of ecosystem condition, further work to validate cumulative impact assessments is neces-
sary. Additionally, the vulnerability weights used in the calculation of CE scores were assigned by
expert opinion; therefore, they should also be validated with empirical data ( )
Finally, the CE model used in this paper assumes that stressors combine additively, which is highly
unlikely in real-world scenarios ( ). Multi-factorial laboratory and field experiments
to assess interactions between stressors and inform whether stressors in cumulative impact assess-
ments should combine additively, synergistically, or antagonistically would improve the accuracy of
CE scores. Whether the cumulative impact assessment and associated vulnerability weights and CE
threshold we applied in this paper are good indicators of ecosystem condition for Atlantic Canadian
seagrass beds is currently unclear. Formally linking CE scores and thresholds to seagrass condition
will provide insight into the usefulness of our CE assessment approach for seagrass ecosystems, and
identify areas for improvement. Future research to validate how cumulative impact assessments
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translate to real-world seagrass ecosystem condition in Atlantic Canada will be crucial for the optimal
management of these important coastal ecosystems.
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