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Abstract

Most coastal ecosystems are dominated by marine macrophytes that deliver a range
of ecologically and economically important services such as carbon and nitrogen cycling
and storage, and habitat provision to a range of associated species. The relative contribu-
tion of these services among different vegetated habitats, however, and their alteration
due to anthropogenic stressors is little known. In this thesis, I first examined the within
and between ecosystem structure and services of eelgrass (Zostera marina) and rockweed
(Ascophyllum nodosum) beds in Atlantic Canada. Both habitats significantly enhanced
the overall abundance and diversity of associated species, whereas differences in the spe-
cies assemblages were attributed to differences in canopy structure within and between
habitats. Changes in the canopy structure of the foundation species will affect associated
food webs and ecosystem services. Next, | used large-scale field surveys to examine the
effects of eutrophication on the structure and services of eelgrass beds. As eutrophication
increased, plant dominance shifted from eelgrass to macroalgae and phytoplankton at a
regional scale. The faunal community showed increases in filter feeders, detritivores and
some herbivores, while sensitive species declined. These faunal changes can be linked to
enhanced food availability and predation refuge offered by increased phytoplankton and
opportunistic macroalgae. However, the loss of eelgrass and sensitive species highlight
the negative consequences of eutrophication on eelgrass ecosystems and the services they
provide. I also reviewed the global carbon and nitrogen storage and habitat services of
mangroves, salt marshes, seagrass meadows and macroalgal beds. Despite only occupy-
ing 0.7% of the ocean area, together these ecosystems make up 12% of the oceanic car-
bon stock thereby playing an important role in global carbon and nitrogen storage. More-
over, these macrophyte habitats enhanced species richness and abundance of associated
fauna and juvenile fishes. Overall, my findings indicate that each macrophyte habitat has
its strengths yet all are essential in providing the full range of ecosystem services. In-
creasing human impacts along the coasts, however, are threatening macrophyte ecosys-
tems worldwide, and their further decline will impair the provision of important services
and human well-being. Lastly, I discuss the implications of my work for management and

conservation.
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CHAPTER 1

Introduction

The normal functioning of terrestrial and aquatic ecosystems that form the Earth’s
life-support system directly and indirectly provide a range of essential goods and services
(Daily 1997); yet we are just beginning to recognize the magnitude of the contribution of
ocean ecosystems to human well-being. Ecosystem services fall under four broad catego-
ries: 1) provisioning services such as food, fuel and freshwater; 2) regulating services
such as climate, water purification and erosion control; 3) supporting services such as
habitat and nursery provision and 4) cultural services such as recreation, science and edu-
cation (de Groot et al. 2002; Millennium Ecosystem Assessment 2005). The recent rise in
ecological economics has led to a number of studies placing a price tag on ecosystem ser-
vices in an attempt to raise awareness of their importance to scientists, economists, policy
makers and the general public (Costanza et al. 1997; Balmford et al. 2002; Martinez et al.
2007). All of these studies have their limitations but they are useful in putting the life
supporting services of ecosystems into perspective and examining the relative contribu-
tion of large biomes. For example, the total global value of the marine biome ($21 trillion
1994USD yr'l) has been estimated as almost double that of the terrestrial biome ($12.3
trillion 1994USD yr'"), with 60% of the marine total ($12.5 trillion 1994USD yr™) com-

ing from the coastal ocean (Costanza et al. 1997).

For centuries, humans have exploited, altered and polluted ocean ecosystems without
considering their impacts on ecosystem functions and the ability of ecosystems to provide
the goods and services we depend on (Jackson et al. 2001; Lotze and Milewski 2004;
Lotze et al. 2006; Worm et al. 2006). The most heavily affected by anthropogenic activi-
ties, both past and present, are coastal ecosystems because of their proximity to human
settlements and accessibility (Jackson et al. 2001; Lotze et al. 2006). One of the largest

and most pervasive threats is nutrient enrichment and the consequent eutrophication of



coastal waters, which is only expected to increase with growing coastal human popula-
tions (Millennium Ecosystem Assessment 2005). Therefore, understanding the impacts of
nutrient loading on coastal ecosystems and their consequences for the ocean and society

is increasingly urgent.

The majority of coastlines around the world are dominated by vegetation, from inter-
tidal and subtidal macroalgal and seagrass beds, to mangroves and salt marshes that pro-
vide a range of ecosystem services (Adam 2002; Alongi 2002; Steneck et al. 2002a;
Schmidt et al. 2011). However, all of these ecosystems are currently faced with declining
global populations (Valiela et al. 2009; Waycott et al. 2009; Wernberg et al. 2011) and an
increasing number of threatened species (Polidoro et al. 2010; Short et al. 2011). The re-
gional loss of coastal biodiversity is known to impair at least three critical ecosystem ser-
vices; the number of viable target fisheries, provision of nursery habitat, and filtering and
detoxification of coastal waters (Worm et al. 2006). In addition, quantifying carbon stor-
age within these coastal ecosystems as well as how it changes with human stressors is
imperative as we try to understand oceanic carbon sinks in the face of climate change
(McLeod et al. 2011). Given the substantial contribution of the coastal ocean to human
well-being, understanding the role that different coastal ecosystems play in the provision
of carbon and nitrogen storage and habitat and nursery services, and how these services
are affected by eutrophication is crucial for the effective conservation, management and

restoration of coastal ecosystems and their services.

1.1. Outline of Thesis Chapters

In Chapter 2, I compare the ecosystem structure and services of two common yet
contrasting coastal ecosystems of the northwest Atlantic; soft sediment beds of eelgrass
(Zostera marina) and rocky shores dominated by rockweed (4Ascophyllum nodosum). 1
use field survey data collected inside, along the edge and outside the macrophyte cano-
pies to examine how the physical structure as well as the storage and habitat services vary
within and between these two different ecosystems along the Atlantic coast of Nova Sco-

tia. Previous works in this research field have compared specific ecosystem services be-



tween vegetated and unvegetated locations (e.g. Arrivillaga and Baltz 1999) or among
ecosystems for specific taxonomic groups (e.g. Edgar 1990); making my study unique in
examining multiple services and taxonomic groups. Moreover, I use a network modeling
approach to examine differences in food-web structure between the two ecosystems and
their respective vulnerability to simulated species loss. This chapter addresses an impor-
tant knowledge gap since differences in basic habitat structure may affect the functions,
services and resilience of an ecosystem with potentially wide-ranging consequences on

associated species and human well-being.

In the third and fourth chapters, I used a large scale field survey across 12 estuaries in
two provinces in Atlantic Canada to examine the effects of eutrophication on the struc-
ture, functions and services of eelgrass (Zostera marina) ecosystems. While Chapter 3
deals with the effects on the assemblage of primary producers, Chapter 4 focuses on the
effects on the fish and invertebrate communities associated with eelgrass habitats. Eutro-
phication induced changes in phytoplankton biomass, benthic macroalgae and eelgrass
bed structure have been previously documented in individual locations (e.g. Short et al.
1995; Hauxwell et al. 2001). However, little attention has been paid to the simultaneous
changes in all of these components across multiple sites, or how changes in seagrass bed
structure and primary producer abundance affect carbon and nitrogen storage services.
Nor is there a detailed account of the species-specific response of benthic macroalgae
which may have an important role in determining predator-prey interactions. Therefore,
in Chapter 3, I attempt to address these knowledge gaps by examining the regional-scale
effects of eutrophication on 1) the individual and combined abundances of phytoplank-
ton, benthic macroalgae and eelgrass, 2) the structure and storage services of eelgrass
beds and 3) the species-specific changes in benthic macroalgae. Changes in the structure
of the eelgrass bed, the abundance of different primary producers as well as the identity
and structural complexity of associated benthic macroalgae may affect the way in which
different fauna species or functional groups use eelgrass habitats for foraging, shelter and
settlement. Consequently, such changes will alter the pathway of nutrients through the
benthic food web (Deegan et al. 2002). In addition, eutrophication can significantly alter
water column and sediment chemistry, particularly through oxygen depletion and anoxia,

creating a more hostile chemical environment that may lead to different responses in the



diverse mobile and sessile fauna (Gray et al. 2002) associated with eelgrass habitats. As
such, in Chapter 4, I examine the species and functional group-specific responses in the
abundance and habitat usage of juvenile and adult fishes and invertebrates with increas-

ing eutrophication, as well as changes in overall community structure.

In Chapter 5, I use a literature review to examine the relative contribution of sea-
grasses, mangroves, macroalgae and salt marshes in binding carbon and nitrogen, and
providing habitat and nursery services on a global scale. Although estimates of global
carbon storage and sequestration have been made for seagrasses, mangroves and salt
marshes (Nellemann et al. 2009; McLeod et al. 2011), they focus on local carbon burial
thereby omitting macroalgal habitats because they inhabit rocky substrates. Yet, macroal-
gae produce large amounts of detritus that is exported to (Krumhansl and Scheibling
2011) and potentially buried in adjacent soft sediment habitats. In addition, unlike terres-
trial estimates of carbon storage and sequestration (Del Grosso et al. 2008), marine esti-
mates do not include standing stock biomass, a topic that I directly address by estimating
the global standing carbon stock of each ecosystem, that I also compare to other oceanic
and terrestrial biomes. Currently, there is no global comparison of the habitat and nursery
services of coastal vegetated ecosystems. To date, most studies have focussed on one
species or species group and are limited to local comparisons of one to two ecosystems
with nearby unvegetated areas (e.g. Tupper and Boutilier 1995; Guidetti 2000). To ad-
dress this knowledge gap, I use meta-analytical techniques to examine the enhancement
effect of each macrophyte on the species richness and abundance of fishes, decapods
crustaceans and infauna as well as juvenile fish abundance on a global scale. I also dis-
cuss the major threats to macrophyte ecosystems and identify important knowledge gaps
that currently limit our full understating of the magnitude of the ecosystem services they

provide.

Finally, in Chapter 6, I summarize my overall findings and propose future work to
address some of the current knowledge gaps. I also discuss how existing and future

knowledge can be used to inform the management process for coastal vegetated habitats.



CHAPTER 2

Ecosystem Structure and Services in
Eelgrass Zostera marina and Rockweed

Ascophyllum nodosum Habitats

Published as Schmidt A.L., Coll M., Romanuk T.N., Lotze H.K. 2011. Ecosystem
structure and services in eelgrass Zostera marina and rockweed Ascophyllum nodo-

sum habitats. Marine Ecology Progress Series 437:51-68

2.1. Introduction

Coastal ecosystems are among the most productive, diverse, and ecologically impor-
tant habitats worldwide, and generate essential services that directly and indirectly benefit
human well-being (De Groot et al. 2002, Millennium Ecosystem Assessment 2005a).
Around the world, coastlines are dominated by structurally complex habitats created by
intertidal or submerged aquatic vegetation that provide nutrient cycling, carbon storage,
nursery, and juvenile habitat for a range of ecologically and economically important spe-
cies (Adam 2002; Alongi 2002; Duarte 2002; Steneck et al. 2002a; Thompson et al.
2002). Despite their ecological importance, marine vegetated habitats are facing increas-
ing anthropogenic impacts (e.g. harvesting, disturbance, pollution, climate change) lead-
ing to fragmentation, depletion, or localized extinction of the habitat and its dependent

species (Millennium Ecosystem Assessment 2005; Lotze et al. 2006; Waycott et al. 2009)

Marine macrophytes use carbon and nitrogen as a function of their growth and are
major contributors to net oceanic primary production stored in sediments (>30% of total

ocean carbon storage; Duarte and Cebrian (1996)). However, humans have on average



doubled nitrogen loading (=5 to 10 fold in many cases) to coastal waters around the world
since pre-industrial times (Millennium Ecosystem Assessment 2005). Increased nutrient
loading has been shown to change primary producer abundance and species composition
(Duarte 1995) and impair the system’s ability to store and cycle nutrients (Worm et al.
2000). Anthropogenic greenhouse gas emissions have also increased exponentially since
1750 resulting in a net warming effect (IPCC 2007). Increasing water temperature is pre-
dicted to change the distribution and productivity of seagrasses (Short and Neckles 1999)
and shift the composition of rocky shore Ascophyllum nodosum-dominated habitats to
mixed fucoid beds (Ugarte et al. 2010). The consequences of these shifts to the nitrogen

retention and carbon storage capacity of coastal habitats are unknown.

Coastal vegetated habitats also play an important role as breeding, nursery, and for-
aging grounds, and provide shelter for associated species (Adam 2002; Alongi 2002;
Duarte 2002; Steneck et al. 2002a; Thompson et al. 2002) including many commercially
important fish and invertebrates (Rangeley 1994; Heck et al. 2003; Hughes et al. 2009).
The depletion of many commercial fish stocks and non-recovery of others may at least
partly be driven by the loss or degradation of marine vegetated habitats (Hughes et al.
2009). Determining the relative importance of different vegetated ecosystems as juvenile
habitat and refuge is vital for the proper management of finfish and invertebrate fisheries

that depend on these habitats.

The present study aims to assess the ecosystem structure and services of 2 common
yet contrasting temperate habitats in the northwest Atlantic: seagrass and rockweed beds.
Previous studies have compared specific ecosystem services (e.g. nursery habitat) be-
tween vegetated and unvegetated habitats (e.g. Perkins-Visser et al. 1996; Arrivillaga and
Baltz 1999) or among vegetated habitats for one species or taxonomic group such as fish
or invertebrates (e.g. Edgar 1990; Tupper and Boutilier 1997). Comparisons of multiple
services among different habitats have been largely missing—an important knowledge
gap as differences in habitat structure may affect the functions and services they provide
(Beck et al. 2001; Bologna and Heck 2002). The objectives of the present study were to
compare (1) canopy structure, nitrogen and carbon storage, (2) species abundance and

diversity of associated communities, and (3) habitat usage of adults and juveniles within



and between eelgrass and rockweed canopies, based on extensive field surveys. Because
biodiversity is essential for ecosystem functioning and services (Millennium Ecosystem
Assessment 2005; Worm et al. 2006), we then used binary network models of predator—
prey interactions to compare (4) differences in food-web structure and their robustness to
simulated species loss. Together, the field surveys and food-web modeling proved a pow-

erful approach in evaluating ecosystem structure and services in near-shore ecosystems.

2.2. Methods

2.2.1. Study Sites.

Study sites were located along the Atlantic coast of Nova Scotia, Canada (Fig. 2-1a,
Table 2-1). Here, sheltered to moderately exposed intertidal and shallow subtidal rocky
shores are dominated by extensive beds of rockweeds Ascophyllum nodosum and Fucus
spp., while soft-sediment habitats are generally dominated by monospecific beds of eel-
grass Zostera marina. We selected 4 sites dominated by 4. nodosum beds (interspersed
Fucus vesiculosus <35% of canopy, hereafter rockweed; Fig. 2-1b) and 3 sites with Z.
marina (hereafter eelgrass; Fig. 2-1¢) that were sampled 16-26 September 2006, when
most mobile species are abundant (Schmidt and Scheibling 2007). During the sampling
period, sea surface temperature was 17.0 + 2.0°C (SD) and significant wave height 1.4 +
0.4 m (data acquisition in Halifax Harbour, buoy station 44258, 44°49'N, 63°39'W, 40—
100 km from our study sites; Fisheries and Oceans Canada, Integrated Science and Data

Management, http://www.meds-sdmm.dfo-mpo.gc.ca).

2.2.2. Sampling Design.

At each site, 3 transects were laid parallel to the shore inside (>10 m from the vegeta-
tion-bare substrate interface), along the edge (within the bed <1 m from the interface),
and outside (>10 m away from any canopy-forming vegetation) of the eelgrass or rock-
weed bed. Transect depth at high tide ranged from 1 to 3 m, with outside transects gener-
ally deeper than inside transects, but differences between the transects were <1 m within

each site. Highly mobile fauna were censused by the same observer swimming along
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transects (~0.08 m s ') during the day- and nighttime high tides to capture diurnal pat-
terns in species abundance and size. We used the transect size (50 x 4 m) recommended
for underwater visual censuses of coral reefs (Mapstone and Ayling 1998). Due to con-
straints imposed by bed size or visibility, some transects had to be shortened or narrowed
(Table 2-1), the effect of which we analyzed (see Community Structure and Habitat Ser-

vices).

Canopy structure, abundance of mobile benthic species (hereafter quadrat macro-
fauna), and percent cover of sessile benthic and epiphytic organisms were assessed during
the daytime high tide using 0.5 x 0.5 m quadrats, covered in alternating (every 25 cm) red
and white electrical tape, placed at 5 m intervals along each transect. In the present study
we consider the ‘phyte’ in epiphyte as referring to the host plant (eelgrass or rockweed),
as recommended by Steel and Wilson (2003). The percent cover measures of the canopy
and community were estimated to the nearest 2% using the coloured tape as a guide. We
considered both sides of all the eelgrass blades in the quadrat as habitable space. There-
fore, if both sides of all of the blades in the quadrat were covered with epiphytes, this
would represent 100% cover. We first identified the species on the blades and then esti-
mated the percent cover of each species on the collective, not each individual blade. All
organisms were identified to the lowest possible taxon in the field where possible, or in
the laboratory when the organisms needed further examination under a microscope. The
smallest macrofauna individual sampled was 2 cm whereas epiphytes such as bryozoan

colonies or spirorbid worms were typically 1 cm or less.

2.2.3. Canopy Structure and Regulating Services.

Our first objective was to compare the 3-dimensional canopy structure and nitrogen
(N) and carbon (C) retention between the different canopy types (eelgrass, rockweed) and
locations (in, edge, out). Canopy structure was assessed in each quadrat as % canopy
cover, average canopy height (cm), and shoot (eelgrass) or holdfast (rockweed) density.
The canopy cover was estimated using a 0.5 x 0.5 m quadrat by the same observer hover-
ing just above the top of the canopy. The average canopy height was estimated by placing
the zero end of a measuring tape on the bottom in the middle of the quadrat and extending

it upwards until it reached the average height of the plants within the quadrat. Rockweed
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holdfasts were counted in the 0.5 % 0.5 m quadrat and eelgrass shoots in a 0.25 x 0.25 m
subset. Two samples of macrophyte tissue were collected on each end of the interior and
edge transects for C-N analysis. Epiphytes were scraped from tissue samples prior to dry-
ing (70°C, 48 h) and homogenizing, and ~50 mg dry weight was analyzed with a Perkin
Elmer CHN 2400 Analyser.

To estimate carbon and nitrogen storage at the canopy scale, we needed biomass es-
timates. We were unable to collect canopy biomass in 2006, but collected biomass to-
gether with associated % cover, shoot density, and canopy height for eelgrass in October
2007 and rockweed in September 2008 in order to reconstruct 2006 biomass. Stepwise
multiple regression determined that the best combination of variables to predict rockweed
biomass were shoot density and canopy height (Rzadj = 0.751; F250 = 31.1, p < 0.001),
while for above-ground eelgrass biomass, shoot density alone was the best predictor
(Rzadj =0.917; F111 = 121.8, p < 0.001). The respective regression equations (rockweed
biomass = 0.10 % shoot density + 0.14 x canopy height; eelgrass biomass = 0.003 % shoot
density) were then used to estimate 2006 biomass based on canopy structure. Dry weight
of rockweed and eelgrass was 24.6% (+0.5 SE) and 15.5% (0.4 SE) of wet weight, re-
spectively. We then used the average % tissue carbon and nitrogen per location within
each site to estimate the amount of carbon and nitrogen retained (kg m?) in eelgrass

(aboveground only) and rockweed beds.

We used linear mixed-effects models (LMM) to examine differences in canopy
structure (% cover, biomass, shoot density, canopy height), C-N tissue content and ratio,
and carbon and nitrogen retention between canopy types (fixed factor with 2 levels:
rockweed and eelgrass) and locations (fixed factor with 2 levels: in and edge) with sites
as a random factor nested within canopy type. Canopy cover was arcsine-, and all other
variables except canopy height and nitrogen retention were log (x + 1)-transformed to
satisfy assumptions of normality and variance homogeneity. Where significant interac-
tions were detected, we performed post-hoc comparisons using the Sidak correction. We

used SPSS (version 15.0 for Windows) for all mixed-effects models.



2.2.4. Community Structure and Habitat Services.

Our second objective was to evaluate differences in associated species communities,
including mobile and sessile flora and fauna, between canopy types and locations within
canopies. We used a 3-factor multivariate permutational analysis of variance (PER-
MANOVA) to examine differences in biotic components (factors: Canopy, Location,
Site(Canopy)) and diurnal differences in transect macrofauna (factors: Location, Site,
Time of day). PERMANOVA was performed on the Bray-Curtis similarity matrix for (1)
all species combined across collection methods using presence/absence and (2) separately
for transect macrofauna, quadrat macrofauna, and sessile benthic and epiphytic species.
Species abundance (density m > and percent cover) data were square-root transformed to
down-weight the influence of highly abundant species and allow the rare species to influ-
ence the resemblance. We also used the zero-adjusted Bray-Curtis similarity matrix for
the species abundance data to dampen the fluctuations of the metric for near-blank sam-
ples in an analogous way to the addition of a constant to the log transformation (Clarke
and Gorley 2006). Using analogues of the ANOVA estimators, PERMANOVA also es-
timates the components of variation for both fixed and random factors (Anderson et al.
2008a). These estimators are directly comparable and useful in determining the relative
importance of different terms in the model in explaining the overall variance. Since the
estimates are in terms of squared units of the Bray-Curtis similarity, the square root
(SQRT-V) is taken to put them back into % (Anderson et al. 2008a). Cluster analysis was
used when PERMANOVA detected a significant diurnal, canopy, location, or interactive
effect, and the SIMPER routine was used to identify those species that consistently con-
tributed to the observed dissimilarities (dissimilarity / SD > 1; Clarke and Warwick
(2001)). We tested the effects of shorter transect lengths on our results by randomly re-
moving between 1 and 6 quadrats (depending on the original transect length) from all
transects to the minimum standard of 5 quadrats (Table 2-1) and re-running the PER-
MANOVA and SIMPER analyses on all assemblage components (quadrat macrofauna,
sessile benthic, and epiphytic species) collected using quadrats. We then compared the
results between the original and shortened data sets (Table A-1). All non-parametric per-
mutation procedures and cluster analyses were performed using PRIMER (version

6.1.11) with PERMANOVA+ (version 1.0.1, PRIMER-E, Plymouth).
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LMMs were also used to test for differences in overall species richness as well as
total abundance, species richness, Shannon diversity, and Pielou’s evenness indices of
each assemblage component (transect and quadrat macrofauna, sessile benthic, and epi-
phytic species) between locations (three levels: in, edge, and out) and canopy types (two
levels: rockweed and eelgrass) with sites as a random factor nested within canopy. The
total abundances of sessile benthic and epiphytic species were arcsine-transformed to sat-

1sfy assumptions of normality and variance homogeneity.

2.2.5. Juvenile Habitat and Nursery Services.

Our third objective was to test whether adult and juvenile animals use the 2 cano-
pies in different ways. The number (m?) and size (cm) of mobile fishes and decapod
crustaceans (except hermit crabs) were estimated using transects for highly mobile spe-
cies and quadrats for slower-moving and cryptic species. To separate juveniles from
adults, we estimated individual total length of fishes and carapace width of decapods us-
ing a 15 cm scale bar with 1 cm graduations, and used published age at maturity data
(Table A-2) to group species into their respective adult and juvenile categories. Where
species-specific data were not available for our region, we used the minimum reported
total length at maturity for the closest region for the same or a related species (same ge-
nus or family if necessary) with a similar maximum size. Because of the overabundance
of zeros, we used regression tree models to summarize the habitat and nursery services
data. Tree-based models were fitted by binary recursive partitioning and used as alterna-
tives to linear and additive regression (Clark and Pregibon 1992). We grew a tree using
the total abundance and abundance of each species observed at more than one site with
life stage (adult, juvenile), canopy type (rockweed, eelgrass), and location (in, edge, out)
as categorical predictors. All regression trees were grown using the statistical package R

(version 2.8.0, R Foundation for Statistical Computing).

2.2.6. Food-web Structure and Functioning.

Finally, we assembled the species lists into binary presence-absence food webs to
compare food-web structure between rockweed and eelgrass habitats. Species lists were

compiled from field surveys and trophic information from the scientific literature for the
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study region (Table A-3). Food webs contained all species identified in the field includ-
ing primary producers, benthic and pelagic invertebrates, and fishes. We also included
marine mammals and birds that were observed in the field or are known to occur in these
habitats in Nova Scotia (I. McLaren pers. comm.; Table A-3). Species that shared 100%
of their links with other species were aggregated into trophic groups to account for poten-
tial differences in resolution and completeness of species lists between habitats (Cohen
and Briand 1984; Dunne 2006). We used 16 properties to characterize food-web structure
(Table 2-2, based on Dunne et al. 2004; Coll et al. 2008) that were estimated using previ-
ously developed software (Williams and Martinez 2000; Williams et al. 2002). Visualiza-
tion was done using FoodWeb3D (R. J. Williams, Pacific Ecoinformatics and Computa-
tional Ecology Lab). We then compared the rockweed and eelgrass food webs to 18 other
published aquatic food webs from temperate and tropical systems (Dunne et al. 2004) us-
ing MDS and cluster analysis on the normalized Euclidean distance matrix of 11 proper-

ties common to all food webs (Table 2-2).

To examine whether differences in structural properties affect the robustness of
each food web to species loss, we explored the effects of simulated species removals on
triggering secondary extinctions (Dunne and Williams 2009). A secondary extinction is
defined as the loss of a species that occurs when a previous removal results in the loss of
prey or when a cannibalistic species loses all of its prey except itself. Species loss was
simulated sequentially by removing (1) the least connected species, the most connected
species (2) including and (3) excluding primary producers (i.e. basal species), and (4)
randomly chosen species (from 1000 random removal sequences) in each food web. We

consider an ecosystem to be collapsed if all species have gone extinct.

2.3. Results

2.3.1. Canopy Structure

Canopy cover was significantly higher inside than at the edge of rockweed and eel-
grass beds (Fig. 2-2a, LMM: F| 1279 = 18.2, p < 0.001) without differences between can-
opy types. Biomass of rockweed was 8x that of eelgrass (Fig. 2-2b; Fi 433 = 553, p =
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0.001) with no differences between bed locations. Shoot density was 4x higher in eel-
grass than rockweed (Fig. 2-2c; Fj 491 = 9.13, p = 0.03) and canopy height double (Fig.
2-2d; F1 5 =9.16, p = 0.029), with eelgrass blades reaching lengths of >1 m. In both habi-
tats, shoot density and canopy height were greater inside than along the edge (£ 1282 =
4.78, p = 0.03; F 1272 = 4.06, p = 0.046, respectively) with no interactions between can-
opy type and location.

2.3.2. Carbon and Nitrogen Retention

Tissue carbon content was similar in both canopy types (LMM: Fis3 = 1.12, p =
0.33) and across locations (Fig. 2-3a; F 232 = 1.12, p > 0.33), while tissue nitrogen was
almost double in eelgrass (Fig. 2-3b; F 484 = 22.03, p = 0.006) but similar between loca-
tions. There was a significant interaction between canopy and location (F 1275 = 5.56, p =
0.02) for carbon storage, which was on average 14x greater in rockweed than eelgrass
beds (Fig. 2-3c¢; post hoc: p < 0.001). Also, carbon storage inside rockweed beds was 2%
that of their edges (post hoc: p < 0.01), while there was no difference within eelgrass beds
(post hoc: p = 0.941). Nitrogen retention was 8x greater in rockweed beds (Fig. 2-3d;
Fi493=42.7,p=0.001) and about 1.5% greater inside both canopies than along the edge
(F1.128 = 3.8, p = 0.054). Despite higher tissue nitrogen in eelgrass, the greater carbon
storage and nitrogen retention of rockweed is related to its much higher biomass per unit

area (Fig. 2-2b).
2.3.3. Diurnal Patterns in Macrofaunal Assemblage

Deteriorating weather conditions precluded nighttime sampling in 2 eelgrass sites,
thus statistical tests for diurnal differences were performed for rockweed habitats only.
Multivariate 3-factor PERMANOVA (Location, Site [random], and Time of day) de-
tected a significant difference between sites (pseudo-F36 = 3.17, p = 0.03) and locations
(pseudo-F>6 = 4.16, p = 0.007) but not in the time of day or any of the interactions (p >
0.11). Nevertheless, some species were only observed at night (Homarus americanus,
Gadus morhua, Microgadus tomcod in rockweed; Cancer borealis in eelgrass) or day
(Pholis gunnellus in rockweed; Table A-4). Some were more frequently observed during

night (e.g. Anguilla rostrata) or day (e.g. Scomber scombrus, Sygnathus fuscus, Tautogo-
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labrus adspersus), and others had similar abundances during night and day (Gasterosteus
aculeatus and Carcinus maenas in eelgrass). A few species were more abundant along
habitat edges than the interior (Sygnathus fuscus, T. adspersus in rockweed). Because of

unbalanced sampling of habitat types we only used daytime data hereafter.

2.3.4. Community Structure and Habitat Services

Overall, 44 species/genera (excluding canopy species unless epiphytes) were identi-
fied during field surveys, 3 of which were observed only at night, yielding a daytime total
of 41 taxa. Of these, 33 species were found in rockweed and 23 in eelgrass habitats (Ta-
ble A-5). Within rockweed beds, 48% of taxa were found inside and 78% along the edge,
compared to 69% inside and 61% along the edge of eelgrass beds. Both eelgrass and
rockweed had a similar percentage of taxa outside the canopy (35 and 39%, respectively).
We did not find mobile transect macrofauna outside canopies during the day, and no epi-
phytes given the lack of foundation species (Table A-5). Eighteen taxa were found exclu-
sively in rockweed and 7 in eelgrass. The canopy edges had the highest number of exclu-

sive taxa (12) compared to 4 inside and 3 outside canopies.

We first evaluated whether different transect lengths had an effect on our data set.
The abundance of mobile fauna in all transects was very low, highly variable, and lacked
significant differences in any factor (see Habitat provision). Our comparison between the
original and shortened transect lengths for the quadrat macrofauna, sessile benthic, and
epiphytic species (Table A-1) indicated that most differences in composition and abun-
dance were between sites and not driven by the number of quadrats used to collect the
data. This was corroborated by previous studies examining the effect of transect length
and width on highly mobile fishes and invertebrates (see Table A-1). Together, this per-

mitted us to use the original data for all further analyses.

Species richness of the entire assemblages (Fig. 2-4a) was greatest along the edge of
both canopy types (LMM: F, 10 = 11.2, p = 0.003) without differences between canopies.
There was a significant interaction between canopy and location (PERMANOVA:
pseudo-£5 190 = 3.1, p = 0.007) for community composition with significant differences
between locations within rockweed beds, where inside and edge locations were similar

(post hoc: p = 0.16) but both different from outside (p < 0.031). Cluster analysis revealed
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distinct canopy groupings and similarities between inside and edges for both rockweed
and eelgrass (Fig. 2-4b), while assemblages outside both canopies clustered together.
SIMPER analysis identified Lacuna vincta and Crangon septemspinosa as occurring
more often in eelgrass, and Mytilus sp. and Chondrus crispus in rockweed (Table A-5).
The epiphytic invertebrates Membranipora membranacea and Spirorbis sp. and sessile
benthic Semibalanus balanoides and C. crispus were more often inside or along the edge,
whereas Pagurus sp., Pseudopleuronectes americanus and Crangon septemspinosa were

more often outside.

Abundance and species richness patterns differed among different components of the
assemblage (Fig. 2-5). The abundance of all mobile transect and quadrat macrofauna was
higher inside and along the edge than outside (Fig. 2-5a,b), whereas sessile benthic and
epiphytic species were most abundant along the edge (Fig. 2-5¢,d). For highly mobile
transect fauna (Fig. 2-5a), no significant differences in total abundance or community
composition occurred between canopy types (LMM: F;s = 0.78, p = 0.79; PER-
MANOVA: pseudo-F 6 = 0.17, p = 1, respectively) or locations within habitats (F> ;o =
1.7, p = 0.22; pseudo-F 6 = 0.18, p = 0.9) nor was there an interaction (F»10 = 1.5, p =
0.28; pseudo-F>6 = 0.44, p = 0.73), likely due to low occurrences and large variability in
the data. Species richness was similar within and between canopies, but no mobile spe-

cies were observed outside (LMM: F, 1o = 7.96, p = 0.009; Fig. 2-5e).

For the quadrat macrofauna community, a significant interaction between location
and site nested within canopy was detected in the PERMANOVA (Table 2-3), which was
driven by significant differences in species abundance and composition between inside
and edge locations in 3 of 7 sites (Table 2-4). The total abundance of quadrat macrofauna
(Fig. 2-5b) inside eelgrass beds was double that inside rockweed beds, and while highest
along the edge in rockweed was highest inside eelgrass beds (LMM Interaction: F> 205 =
6.56, p = 0.002; Fig. 2-5b). The significant effect of canopy and location on the commu-
nity accounted for 23.8 and 18.8% of the variance, respectively (Table 2-3), which was
lower than the residual (27.8%) but higher than the variance explained by the interaction
Location x Site(Canopy) (18.1%). SIMPER analysis indicated that Pagurus sp., Lacuna
vincta, and Crangon septemspinosa were more abundant in eelgrass, and Littorina spp.

and Carcinus maenas in rockweed. Species consistently more abundant in the canopy in-
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terior included Lacuna vincta, Littorina spp., Asterias forbesii, and Carcinus maenas,
whereas Crangon septemspinosa and Pagurus sp. were more abundant outside. Quadrat
macrofauna richness was higher inside and along the edge (LMM: F35003 = 591, p =
0.003) without differences between canopies (Fis0 = 0.45, p = 0.84) or an interaction
(F22003 = 2.66, p = 0.072; Fig. 2-5f). Diversity was similar within and between canopies
(p > 0.260), yet evenness increased from inside to edge to outside (F1452 = 2.93, p =

0.057).

Sessile benthic species were on average 14x more abundant in rockweed than eel-
grass, and within rockweed habitats 2 to 10x more abundant along the edge than outside
or inside the canopy, respectively (LMM Interaction: F 2004 = 4.08, p = 0.018; Fig. 2-5c¢).
The significant interaction Location x Site(Canopy) for the sessile benthic community
(Table 2-3) was likely driven by the low number of species (denominator of post hoc #-
test was 0) in 2 eelgrass sites and significantly different assemblages found along the
edge at 2 rockweed sites (Table 2-4). SIMPER analysis identified Chondrus crispus and
Cladophora. rupestris as being more abundant along the edge in rockweed. Sessile ben-
thic species richness was significantly greater along the edge of rockweed beds compared
to other locations or eelgrass (LMM Interaction: Fj 2004 = 31.5, p < 0.001; Fig. 2-5g), yet

this was the only location with >1 species.

Total epiphyte abundance was 10x greater along the edge than inside rockweed
beds, while there was a more even distribution in eelgrass (LMM Interaction: F5 2003 =
3.0, p = 0.053). The interaction Location x Site(Canopy) detected in the epiphytic species
assemblage (Table 2-3) was due to the low number of species (denominator of post hoc #-
test was 0) at 2 rockweed sites and the lack of significance when comparing the inside
and edge locations in eelgrass (Table 2-4), but overall the significant effect of location on
the epiphyte assemblage explained most of the variation after the residual and interaction
with site (Table 2-3). SIMPER analysis identified Spirorbis sp. and Membranipora mem-
branacea as more abundant along the edge in eelgrass and Fucus vesiculosus as more
abundant inside rockweed. Epiphytic species richness and diversity were greatest along
the edge of canopies, and richness was on average 14% greater in eelgrass than rockweed
(LMM Diversity: Fhrz004 = 14.0, p < 0.001; Richness: Interaction, F22003 = 3.28, p =
0.040; Fig. 2-5h).
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2.3.5. Juvenile Habitat and Nursery Services

Overall, the abundance of adult and juvenile fishes and decapods in transects and
quadrats was low and variable (Fig. 2-6). Transect species were found exclusively inside
(adults and juveniles) or along the edge (juveniles) of rockweed and eelgrass beds (Fig.
2-6a,c). The regression tree indicated location within habitat as the most important split-
ting factor (Fig. 2-7). Within a canopy, life-stage further divided the tree into adult and
juvenile groups, with further splits by location and canopy, respectively. Mackerel
Scomber scombrus was the most abundant juvenile inside and along the edge of rock-
weed, and was only observed inside eelgrass (Fig. 2-6¢). Both adult and juvenile quadrat
species showed no clear patterns of habitat or location preference (Fig. 2-6b,d), and a re-
gression tree did not split using total quadrat abundance. Carcinus maenas adults and ju-
veniles were ubiquitous in rockweed, whereas in eelgrass adults occurred inside and
along the edge and juveniles only along the edge (Fig. 2-6b,d). Tautogolabrus adspersus
only occurred as juveniles along the edge and outside rockweed (Fig. 2-6d). Lastly,
Pseudopleuronectes americanus was observed as adults and juveniles mainly outside

both canopies (Fig. 2-6b,d).
2.3.6. Food-web Structure and Functioning

A total of 51 and 60 trophic groups were included to describe eelgrass and rockweed
food webs, respectively (Fig. 2-8a,b, Table A-3). Seven food-web properties (%B, %H,
maxTL, Chain, Path, %Omn, %Can; see Table 2-2 for values and abbreviations) were
similar across both habitats; however, some properties were higher in eelgrass (C, L/S,
%T, Vul) and others in rockweed (%I, Gen, %Loop, mTL), in agreement with differences
in species assemblages between both habitats. MDS and cluster analysis comparing our
and 18 published aquatic ecosystems grouped our rockweed and eelgrass webs within a
larger cluster of temperate and tropical seagrass webs, and closer to 2 lakes and ponds

and estuaries than to other freshwater and marine systems (Fig. 2-9).

Simulated species removals had similar consequences for rockweed and eelgrass
food webs when the least connected, random, or most connected species excluding pri-

mary producers were removed (Fig. 2-8c). Removing the most-connected species resulted
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in secondary extinctions after removal of 5 to 10% of species, while removing random or
least-connected species resulted in intermediate to low levels of secondary extinctions
(<14%). However, removing the most connected species including primary producers
increased secondary extinctions 2-fold compared to excluding primary producers, and
food webs collapsed after 25% of species removals in rockweed and 40% in eelgrass.
Secondary extinctions are always high when primary producers are included in the dele-
tion sequence; however, the rockweed food web was less robust than the eelgrass web.
The robustness (proportion of primary species removals required to induce a total loss of
>50% of species) to the loss of the most connected species (including primary producers)

was higher in eelgrass (24%) than in rockweed (18%).

2.4. Discussion

The ecosystem services provided by coastal vegetated habitats are essential to hu-
man well-being (Millennium Ecosystem Assessment 2005; Hughes et al. 2009) and
linked to their habitat structure and functions (Heck et al. 1995; Gotceitas et al. 1997), yet
the relative importance of different vegetated systems is not well studied. Our results
show that both rockweed and eelgrass habitats strongly enhance the abundance and diver-
sity of associated species, provide juvenile and adult habitat, and retain high amounts of
nitrogen and carbon. Yet there were distinct differences within and between the 2 habitats
that were linked to their architecture, highlighting their unique importance for ocean eco-

systems and humans.

24.1. Canopy Structure and Storage Capacity

Most oceanic systems are dominated by phytoplankton with low biomass and high
turnover rates (<1 mo; Smith 1981). In contrast, macrophytes have the highest primary
producer biomass among marine ecosystems and turnover rates of >1 yr. Their effect on
nutrient dynamics is closely coupled with primary production, as major plant nutrients are
assimilated along with carbon in approximate C:N:P ratios of 800:49:1 for macroalgae
and 435:20:1 for rooted macrophytes (Pedersen et al. 2004). The substantial carbon pro-

duction and nutrient uptake by marine macrophytes provides a significant carbon sink
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and nutrient retention through accumulation of biomass or detritus (Smith 1981; Cebrian
2002; Pedersen et al. 2004); however, we found interesting differences between eelgrass

and rockweed habitats.

Most research on carbon sinks, fluxes, and sequestration has focused on net primary
production (g C m? yr ') and its main pathways through ecosystems (Duarte and Cebrian
1996; Cebrian 2002; Mateo et al. 2006), but doesn’t directly take into account the exist-
ing standing stock. We estimated primary production of our rockweed and eelgrass
(aboveground) beds as 1.3 and 1.6 kg C m * yr ', respectively, using our biomass data
and primary production measures for rockweed (Vadas et al. 2004) and eelgrass (Duarte
and Chiscano 1999), and assuming a linear relationship between the 2 variables. Thus,
eelgrass and rockweed may play similar roles as primary producers in coastal ecosystems.
However, our rockweed had an order of magnitude greater standing biomass and thus
greater nitrogen and carbon storage capacity. A notable omission in our storage estimates
for eelgrass is its roots and rhizomes. In 2007 belowground biomass was 61% higher than
aboveground biomass at our study sites (A. L. Schmidt unpubl. data); yet even after add-

ing this, rockweed still had 5 and 9% more nitrogen and carbon per unit area, respectively.

Relatively little macroalgal and seagrass biomass is directly grazed compared to
phytoplankton and microphytobenthos (Duarte and Cebrian 1996; Worm et al. 2000;
Valentine and Duffy 2006). However, grazing may increase frond breakage (Viejo and
Aberg 2003) and enhance export and detrital pathways. Turnover rates of rockweed beds
in southwestern Nova Scotia range from 3 to 15 yr (Sharp 1987). Assuming an annual
production of air bladders (Cousens 1984), our rockweed beds were >3 yr old, placing
annual losses below 33% of standing biomass, consistent with 27% detrital losses for
other rockweeds (Josselyn and Mathieson 1980). Average losses of eelgrass can range
from 3 to 25% (Josselyn and Mathieson 1980), although these estimates considered
mostly larger pieces of Zostera detritus, such as leaves or whole plants, and not smaller
blade tips. Together, the low grazing and low turnover rates can lead to accumulation of
biomass and detritus, and burial of carbon and nutrients in macrophyte habitats (Duarte
and Cebrian 1996; Pedersen et al. 2004). Because macrophytes invest more, relative to
annual algae, into structural components and chemical defenses against grazing, decom-

position of exported and detrital material is slow (Duarte and Cebrian 1996; Moen et al.
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1997; Pavia and Toth 2000). Eelgrass has much slower decomposition rates (76 to 190 d)
than rockweed (22 to 26 d; Josselyn and Mathieson 1980), increasing the fraction of pri-
mary production stored in sediments, which is 40x greater for seagrasses than macroalgae
(Duarte and Cebrian 1996). Thus, while rockweed has a higher storage capacity in its

standing biomass, eelgrass enhances storage of primary production in sediments.

Tissue nitrogen content reflects the nutritional conditions where eelgrass and rock-
weed were collected, due to its link to water column nitrogen concentrations (Asare and
Harlin 1983; Duarte 1990; Burkholder et al. 1992). All our study sites, except
Musquodoboit Harbour, which had a fisherman’s wharf, were isolated, with <3 houses in
close proximity and the closest small town >10 km away. Inorganic nitrogen concentra-
tions near many of our sites ranged from 0.005 to 0.009 mg I"' (Canadian Council of
Ministers of the Environment 2007). In seagrass, tissue nitrogen <1.8% indicates strong
nutrient limitation (Duarte 1990). Our eelgrass had tissue nitrogen of 0.99 to 1.5%, indi-
cating severe nutrient limitation. Since both rockweed and eelgrass canopies occurred
under the same nutrient-limiting conditions, the higher tissue nitrogen in eelgrass sug-
gests it is more efficient at removing and retaining nitrogen than rockweed. Nevertheless,

the sheer biomass of rockweed makes it an important nutrient reservoir.

2.4.2. Habitat Provision

Rockweeds and seagrasses create distinct 3-dimensional habitats that provide settle-
ment, refuge, and foraging opportunities for a wide range of species (Rangeley and
Kramer 1998; Heck et al. 2003; Fisheries and Oceans Canada 2009). In the present study,
both canopies significantly enhanced abundance and diversity of associated species com-
pared to non-vegetated habitats, as observed in other studies (Edgar 1990; Edgar and
Shaw 1995a; Heck et al. 1995; Levin and Hay 1996). However, some notable differences
between habitat types occurred that can be attributed to their different architecture as well
as bottom type, rocky versus soft sediment. Overall, rockweed enhanced total macrofauna
abundance 5-fold, comparable to eelgrass beds in the eastern United States (Summerson
and Peterson 1984; Heck et al. 1995) and field experiments with Sargassum filipendula
(Levin and Hay 1996). Yet at our sites, eelgrass enhanced total macrofauna abundance 9-

fold, underscoring its importance in Nova Scotia.
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Similar to Edgar (1990), most species in the present study showed little habitat speci-
ficity. However, those found exclusively in rockweed either need a hard substrate for at-
tachment (Semibalanus balanoides) or feeding (Crepidula fornicata) or are typically
more abundant on rocky reefs (Tautogolabrus adspersus)(Tupper and Boutilier 1997). In
comparison, species exclusive to eelgrass were mainly detritivores (Nassarius trivittatus)

or herbivores (Lacuna vincta) feeding on eelgrass and associated epiphytes.

Previous studies found higher faunal densities (Edgar 1990; Edgar and Shaw 1995b;
Heck et al. 2003) and secondary production (Edgar et al. 1994) in seagrass beds than un-
vegetated areas, and at habitat edges compared to the interior (Bologna and Heck 2002).
In the present study, all mobile species were generally more abundant inside than along
the edge of eelgrass, while the reverse was observed for rockweed. This may be related to
the habitat structure, which is considerably less complex in eelgrass than rockweed, al-
lowing better maneuverability. In contrast, sessile benthic and epiphytic species were
more abundant and diverse along the edges of both habitats, likely due to the damping
effect of the canopy on water flow, concentrating their larvae and propagules at the edges

(Bologna and Heck 2000; Bologna and Heck 2002).

The choice of location within and between habitat types is influenced by the abun-
dance and distribution of prey and refuge from predation (Edgar 1990; Denno et al.
2005), which can be species- and habitat-specific. For example, one important predator in
Atlantic Canada is the American lobster Homarus americanus, which supports the high-
est-value fishery in Canada (Fisheries and Oceans Canada 2008). They are typically noc-
turnal and may use rockweed beds as shelter during daytime (Karnofsky et al. 1989).
Lobsters feed on species we found in rockweed (e.g. Carcinus maenas) and even on
rockweed itself (Karnofsky et al. 1989). We observed lobsters along the edge of rock-
weed beds at night. Other mobile species found in eelgrass and rockweed habitats prey on
sessile invertebrates (e.g. Mytilus edulis) and epiphytic algae (e.g. Polysiphonia fucoides)

whose greater abundance along the edges enhances food availability for consumers.

Interestingly, juvenile and adult abundance of green crabs Carcinus maenas in
rockweed habitats was inversely related, with higher adult abundance outside and along

the edge and higher juvenile abundance inside the beds. Green crabs prey mostly on lit-
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torinid snails and mussels but also cannibalize smaller individuals (see Table A-3 for diet
references). Their increased predation efficiency along the edges and outside rockweed
canopies together with other predators likely affected numbers of juvenile green crabs or
forced them into the bed interior. In eelgrass, adult green crabs were highly abundant in-
side and along the edge, while juvenile abundance was low. The less-complex structure
of eelgrass beds may enable better maneuverability of crabs and other predators inside
eelgrass beds, reducing juveniles and other prey in the interior. We found complete ab-
sence of benthic juveniles and high abundance of adult predators inside eelgrass beds.
These results highlight that associated species density and richness strongly depend on
the presence of vegetated habitats, but different canopy structure, bottom types, and loca-

tions offer unique opportunities for settlement, refuge, and foraging.

2.4.3. Nursery Services

Some juvenile fishes (e.g. Scomber scombrus) were found only inside or along the
edge of rockweed canopies, whereas others (e.g. Tautogolabrus adpersus) were found
only along the edge or outside. Juvenile Atlantic cod Gadus morhua, once Canada’s most
important fishery species (Hutchings and Reynolds 2004), were observed along the edge
of rockweed at night; they use rockweed and eelgrass beds as cover from predation
(Tupper and Boutilier 1995; Laurel et al. 2003). In Nova Scotia, growth rates of juvenile
cod were highest in eelgrass, but predation rates were lowest in rockweed (Tupper and
Boutilier 1995), indicating that both habitats are important for post-settlement growth and
survival. Even if significant differences in juvenile abundances between structurally
complex habitats are lacking (Heck et al. 2003), the population structure of species that
use these habitats is likely influenced by the trade-offs between energy gained and preda-
tion risk that determine the habitat-specific growth and mortality of juveniles, as in the
case of cod (Tupper and Boutilier 1995). Increased juvenile growth and survival has been
found in eelgrass and other vegetated habitats (Tupper and Boutilier 1995; Gotceitas et al.
1997; Tupper and Boutilier 1997), yet it is unclear whether canopies increase the recruit-
ment of juveniles to adult populations. Like most coastal ecosystems, however, our beds

have likely been severely altered by historical and current fishing (Jackson et al. 2001;
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Hutchings and Reynolds 2004; Lotze et al. 2006), masking their true role as nurseries for

commercially important species.

2.4.4. Food-web Structure and Robustness

The simplicity of binary models and their ability to detect fundamental changes in
food-web structure due to changes in species composition make them good tools for
comparing food-web structure and robustness across ecosystems (Dunne et al. 2004). In
addition, when compared to more complex models they derive similar results for com-
mon food-web properties (Coll et al. 2008). Despite strong differences in 3-dimensional
canopy structure and species composition between rockweed and eelgrass communities,
the overall food-web structure of the 2 habitats was more similar to each other and to
other temperate and tropical seagrass webs than to other aquatic and marine webs (Dunne
et al. 2004; Fig. 2-9). The main structural differences were a 22% lower connectance in

rockweed and a 44% higher fraction of top predators in eelgrass webs.

The higher connectance in eelgrass compared to rockweed webs likely contributed
to their greater robustness to the removal of the most connected species including primary
producers. Our findings are consistent with other estuarine food webs, where an increase
in connectance of 14% can lead to a 35% increase in the number of species removals re-
quired to elicit a complete collapse of the food web (Dunne et al. 2002). Secondary ex-
tinctions reached 52% in rockweed, but only 14% in eelgrass for the same level of spe-
cies removal (20%), and there was a complete food web collapse at a 15% lower species
removal in rockweed than in eelgrass. These rapid declines in biodiversity are expected
with the loss of functionally dominant species that are ecosystem engineers (Worm and
Dufty 2003) such as rockweed and eelgrass. This may explain why, despite high connec-
tance, the robustness of these habitats to the removal of the most-connected species, in-
cluding primary producers, is among the lowest compared to other aquatic ecosystems
(Dunne et al. 2004). Thus, our results emphasize the vulnerability of eelgrass and espe-
cially rockweed communities to disturbances that can cause the loss of primary produc-
ers, especially the foundation species, and highlight the fact that the link between connec-
tance and robustness at larger spatial scales is not straightforward and may depend on the

role of the species in an ecosystem. Although the numbers of secondary extinctions ap-
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pears high, 29% of crustacean and 37% of fish species disappeared after the mass mortal-
ity of seagrass beds in Florida Bay in 1987 (Matheson et al. 1999). In Australia, 49% of
fauna species present inside macrophyte-dominated habitats were not found in nearby
unvegetated areas (Edgar 1990). Similarly, in our study 39% and 48% of fauna species
(excluding epiphytes) were not observed outside rockweed and eelgrass canopies, respec-
tively. Guidetti (2000) found that on average 50% of fish species on algal reefs and 58%
in seagrass were absent in unvegetated habitats. These numbers are comparable to the

secondary extinctions rates from our simulated species removals.

2.4.5. Human Impacts on Ecosystem Services

As human populations expand, so does our demand for and multiple impacts on the
services that coastal ecosystems provide. Our work clearly shows that rockweed and eel-
grass habitats play important roles in the coastal carbon and nitrogen cycles. Although
marine vegetated habitats cover <2% of the global ocean, they contribute to almost half
of the oceanic carbon burial, playing a major role in the oceanic carbon cycle (Duarte et
al. 2005). Increased nutrient loading to coastal ecosystems is shifting the primary pro-
ducer assemblage from long-lived macrophytes to phytoplankton, benthic micro-, and
annual macroalgae, which can decrease the ecosystems’ carbon and nitrogen retention
(Worm et al. 2006; Anton et al. 2011). The projected increase in nutrient loading of an-
other 10 to 20% by 2030 (Millennium Ecosystem Assessment 2005) will have profound

repercussions on coastal ecosystems and their storage services.

Rockweed harvesting along the shores of Atlantic Canada removes large amounts of
biomass (Ugarte and Sharp 2001). Harvesting does stimulate growth and canopy regen-
eration with a minimum of 85% biomass recovery within a year (Ugarte et al. 2006). This
may offset the carbon removed during harvest; however, long-term burial of biomass or
detritus and export will likely be reduced. The removal of nitrogen will affect nitrogen
fluxes within and exports to adjacent ecosystems. Trophic transfer from seagrass mead-
ows has been shown to subsidize distant habitats such as the deep sea and even terrestrial
environments (Heck et al. 2008). Many trophic transfer processes observed in seagrass
habitats, such as consumption by migratory waterfowl and beach wrack by amphipods

(Heck et al. 2008), are also common in rockweed-dominated habitats (Behbehani and
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Croker 1982; Blinn et al. 2008), indicating that rockweed production is also subsidizing

other marine and terrestrial habitats.

Nutrient loading and harvesting can further alter, reduce, fragment, or completely
remove macrophyte canopies with profound effects on associated species and food webs.
Both rockweed and eelgrass beds provide important habitat to a wide range of species
including at least 6 commercially important species such as American lobster and Atlan-
tic cod (Anderson et al. 2008b; Fisheries and Oceans Canada 2008). The effect of patchy
rockweed harvesting, as in Atlantic Canada, where 15 to 50% of a patch but no more than
17% of a bed may be harvested (Ugarte et al. 2006), may create more edge-like habitat.
By decreasing the clump length and biomass (Ugarte et al. 2006), harvesting effectively
creates a less dense interior and could increase the total abundance and richness of spe-
cies within rockweed beds. However, the uncertainty around the effects of rockweed har-

vesting on the associated community necessitates further research.

The low abundances of juveniles in both rockweed and eelgrass habitats may be the
result of historical and current overfishing (Jackson et al. 2001; Lotze et al. 2006). The
magnitude of losses of large vertebrates such as cod was enormous (Hutchings and
Reynolds 2004) and likely had profound impacts on species interactions and trophic
transfer (Jackson et al. 2001; Coleman and Williams 2002). Continuous fishing pressure
and expansion to lower trophic species (Anderson et al. 2008b) makes it nearly impossi-
ble to truly assess the nursery function of a habitat. Another confounding factor limiting
our understanding of the nursery function is the use of alternative habitats. The extent to
which species can switch among habitats or locations and remain productive would help
to understand the short- and long-term buffering capacity of different habitats in the event
of habitat degradation or loss in an area. The accelerating loss of seagrass habitats
worldwide (Orth et al. 2006; Waycott et al. 2009) and concurrent impacts on alternative
habitats (Adam 2002; Alongi 2002; Steneck et al. 2002a; Thompson et al. 2002; Hughes
et al. 2009) could have serious implications for species using coastal vegetated habitats
during any part of their life cycle. In addition, the strong response of eelgrass, and par-
ticularly rockweed, to the simulated loss of primary producers warrants further investiga-
tion, especially since regional losses of nearshore vegetation have been shown to strongly

reduce the filtering and nursery services (Worm et al. 2006).
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Overall, our results illustrate that rockweed and eelgrass have very different canopy
structure and complexity and utilize different bottom types that support unique species
assemblages. Therefore, one habitat cannot replace the other. Instead they simultaneously
support coastal biodiversity and provide essential ecosystem services. The importance of
eelgrass habitats in Atlantic Canada has recently been recognized by its designation as an
ecologically significant species (ESS) by Fisheries and Oceans Canada (2009). Although
not a tool for protection, it does officially recognize the important role of eelgrass in
coastal ecosystems. On the other hand, the entire Atlantic coast of Nova Scotia and parts
of the Bay of Fundy are open for rockweed harvesting (Ugarte and Sharp 2001). The pre-
sent study illustrates that the lack of protection of sufficient habitat areas may seriously

affect their ecological role and the services they provide.
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Table 2-1. Details of exposure (Exp), canopy location (Loc), bottom type (BT), transect
length (L) and width (W) in m, and number of quadrats (Q) per transect for each site
sampled September 2006 in Nova Scotia, Canada. Sites are listed within canopy type
from southwest to northeast corresponding to Fig. 2-1 (Rockweed n = 4; Eelgrass n = 3).
Exposure included sites very sheltered (VS), sheltered (S), or moderately exposed (ME)
to the predominant south-westerly winds. Canopy locations were inside (I), along the
edge (E), and outside (O) the rockweed and seagrass beds. Bottom type included mud
(M), mud and boulders (MB), cobble (C), cobble and boulders (CB), sand (S), and sand
and boulders (SB). Numbers in bold indicate shorter transects (see ‘Methods’).

Canopy Site Exp Loc BT L |[W| Q
East Jeddore (EJ) I MB 50 | 4 11
44°46'36"N, 63°0026"W
S E MB | 45 | 4| 10
O M 50 | 4| 11
Necum Teuch (NT) I MB | 45 2 10
44°57'07"N, 62°10'99"W
S E MB | 50 | 4 | 11
O M 50 2 11
Rockweed Port Dufferin (PD) I [ CB| 50 | 2] 11
44°54"73"N, 62°23'76"W
ME E CB 50 | 4| 11
O C 45 | 4 | 10
Tangier (TG) I MB | 25 4 5
44°47'74"N, 62°41'06"W
VS E MB 50 4 11
O M 50 | 4| 11
False Passage (FP) I S 40 4 9
44°44'37"N, 62°47'45"W
S E S 50 | 4| 11
O S 50 | 4| 11
Musquodoboit Harbour I M 40 | 2 9
(MH)
Eelgrass 44°42'46"N, 63°04'50"W VS E M 50 | 4| 11
O M 45 | 2 | 10
Taylor’s Head I SB 30 2 6
Provincial Park (TH)
44°49'26"N, 62°34'32"W ME E SB 45 | 4 | 10
O S 50 | 4| 11
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Table 2-2. Food web properties for rockweed and eelgrass network models. Properties in
bold were included in the MDS analysis comparing aquatic ecosystems (see Fig. 2-9)

Food web property Symbol Rockweed  Eelgrass
Species count S 60 51
Linkage density L/S 12.42 13.65
Connectance C 0.21 0.27
Fraction of top predators %T 15 22
Fraction of intermediate species %l 70 63
Fraction of basal species %B 15 16
Fraction of herbivores %H 7 6
Generality—number of prey items per predator Gen 0.93 0.88
Vulnerability—number of predators by prey Vul 2.05 2.16
Fraction of species involved in looping %Loop 8 4
Mean short-weighted trophic level mTL 1.94 1.83
Maximum trophic level maxTL 3.03 3.00
Mean number of links in every possible food
chain or sequence of links connecting top to Chain 2.10 2.08
basal species
Fraction of omnivory %Omn 83 82
Fraction of cannibalism %Can 10 12
Mean trophic path length Path 1.97 1.96
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Figure 2-1. (a) Study sites along the Eastern Shore of Nova Scotia, Canada, with eelgrass
(gray circles) and rockweed (black circles) beds. See Table 2-1 for abbreviations and site
characteristics. (b) Ascophyllum nodosum in East Jeddore (EJ). (¢) Zostera marina in
Taylor Head Provincial Park (TH)
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Figure 2-2. Canopy structure in the interior (black bars) and along the edge (grey bars) of
rockweed and eelgrass beds. (a) percent cover, (b) dry weight (eelgrass x 10), (c) shoot
density, and (d) canopy height. Data are mean + SE
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Figure 2-3. Regulating services in the interior (black bars) and along the edge (grey bars)
of rockweed and eelgrass beds. (a) tissue carbon and (b) tissue nitrogen content (% dry
weight), and (c) carbon storage and (d) nitrogen retention per unit area. Data are mean +
SE
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Figure 2-4. Total community structure. (a) mean (£SE) species richness and (b) similarity
of the communities between canopy species and locations. Both graphs are based on
species presence/absence of all macrofauna, sessile benthic, and epiphytic species
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Figure 2-6. Mean abundance (+SE) of adults and juveniles of the macrofauna species
whose life stages could be distinguished based on size sampled using transects (a,c) and
quadrats (b,d) in the interior (I), along the edge (E) and outside (O) of rockweed and
eelgrass beds. Numbers above or to the right of error bars indicate the numerical SE
values. The order of the species in the legends corresponds to the vertical order in the
bars
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Figure 2-7. Regression tree model for abundance data from transects for all species
combined. Species abundance (m2) was the response variable and life stage (adult,
juvenile), canopy type (rockweed, eelgrass), and location (in, edge, out) were
categorical predictors. The numbers represent the total abundance of each branch
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Figure 2-8. Visualization of food webs in (a) rockweed and (b) eelgrass habitats, and (c)
secondary extinctions in eelgrass (solid line) and rockweed (dashed line) food webs
resulting from the simulated removal of species that are least connected, random, most
connected excluding, and most connected including primary producers. In (a) and (b),
small dark balls represent primary producers, medium grey balls represent intermediate
consumers, and large light balls represent top predators. S: species count (see Table 2-2)
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CHAPTER 3

Regional-scale Effects of Eutrophication
on Ecosystem Structure and Services of

Seagrass Beds

Published as Schmidt A.L., Wysmyk J.K.C., Craig, S.E., Lotze H.K. 2012. Re-
gional-scale effects of eutrophication on ecosystem structure and services of sea-

grass beds. Limnology and Oceanography 57(5):1389-1402

Copyright (2012) by the Association for the Sciences of Limnology and Oceanog-
raphy, Inc

3.1. Introduction

Seagrasses are among the most productive habitats in the world (Larkum et al. 2006)
and their functions provide essential nutrient cycling (Duarte 2002; Romero et al. 2006),
climate regulation (Nellemann et al. 2009; McLeod et al. 2011), sediment stabilization
(Orth et al. 2006) and nursery and habitat services (Duarte 2002; Schmidt et al. 2011) that
contribute directly and indirectly to human well-being. Despite their ecological impor-
tance, anthropogenic activities are increasingly affecting seagrass ecosystems around the
world leading to fragmentation, depletion or localized extinction of the habitat (Lotze et
al. 2006; Waycott et al. 2009). Already one third of global seagrass area has disappeared
since 1879 (Waycott et al. 2009), while losses in highly affected estuaries and coastal
seas have been estimated at 65% of historical abundance (Lotze et al. 2006). With loss

rates 14 times greater than those of tropical rainforests (Nellemann et al. 2009) seagrass
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habitats are among the most threatened ecosystems in the world (Duarte 2002; Waycott et

al. 2009).

In the early 1970s, coastal eutrophication was identified as one of the major contribu-
tors to seagrass declines in estuaries (Howarth and Marino 2006) and continues to be one
of the largest contemporary threats to seagrasses on a global scale (Duarte 2002; Orth et
al. 2006; Waycott et al. 2009). Anthropogenic nitrogen loading is the main driver of eu-
trophication in most temperate estuaries and coastal seas (Howarth 1988; Howarth and
Marino 2006) and is viewed as one of the most pervasive effects humans have on estuar-
ies around the world (Vitousek et al. 1997). Human activity, particularly agricultural fer-
tilizer use, sewage and wastewater discharges and burning of fossil fuels, has doubled the
reactive nitrogen entering the global nitrogen cycle with 67% of the nitrogen currently
entering coastal waters and a projected 10-20% increase by 2030 (Vitousek et al. 1997;
Millennium Ecosystem Assessment 2005). The main effects of nitrogen enrichment of
shallow coastal waters on primary producers include a shift in community dominance
from perennial seagrasses to phytoplankton and fast growing opportunistic macroalgae, a
change in benthic (Duarte 1995; Short et al. 1995; Borum and Sand-Jensen 1996) and pe-
lagic species composition (Howarth and Marino 2006) and impairment of the system’s

ability to store and cycle nutrients (McGlathery 2001).

Under low nutrient conditions, eelgrass beds are associated with abundant and di-
verse benthic and epiphytic micro- and macroalgae (Coleman and Burkholder 1994;
Jaschinski et al. 2009; Schmidt et al. 2011), where the benthic macroalgae are typically
distributed in scattered patches (Hauxwell et al. 2001). Together, epiphytic micro- and
macroalgae can contribute up to 36% of the biomass and 18-51% of the production in
eelgrass beds (Penhale 1977; Borowitzka et al. 2006). Nutrient enrichment, however,
shifts the dominance from predominantly red macroalgae and unicellular diatoms to an-
nual green and brown macroalgae and cyanobacteria (Coleman and Burkholder 1994;
Hauxwell et al. 2001; Johnson et al. 2005). The loss of the seagrass coupled with a shift
in the composition of the algal assemblage, changes the quality and production of live
and detrital food resources available to consumers effectively changing the pathway and

turnover of carbon and nitrogen through benthic and pelagic food webs, potentially re-
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ducing ecosystem stability (McClelland and Valiela 1998; Deegan et al. 2002; Olsen et
al. 2011).

For temperate seagrasses such as eelgrass, light availability is the most important fac-
tor controlling growth (Dennison and Alberte 1985). Thus, the primary cause of eelgrass
loss under increasingly eutrophic conditions is reduced light penetration due to increased
abundance of phytoplankton and total suspended solids (Moore et al. 1996), epiphytic
algae on eelgrass blades (Short et al. 1995), drift macroalgal blooms or any combination
of the three (Hauxwell et al. 2001; Hauxwell et al. 2003). Other mechanisms, such as
ammonia toxicity, low oxygen concentration, increased sediment sulfides and anoxia
(Pregnall et al. 1984; Goodman et al. 1995) also contribute to reduced growth and pro-
duction of temperate seagrasses (Hauxwell et al. 2001; Havens et al. 2001), especially

when coupled with increased shading (McGlathery 2001).

Our study aimed to examine the effects of eutrophication on the combined and spe-
cies-specific structure of the phytoplankton and macroalgal assemblage in eelgrass beds
as well as eelgrass’ canopy structure, nutrient and carbon storage services in Atlantic
Canada. Previous studies have assessed eutrophication-induced changes in phytoplankton
biomass (Borum and Sand-Jensen 1996), epiphytic (Coleman and Burkholder 1995), and
benthic macroalgae (Neckles et al. 1993; Hauxwell et al. 2001) in eelgrass beds as well as
eelgrass bed structure (Short et al. 1995) usually at individual locations. What has re-
ceived little attention are the simultaneous changes in all of these primary producer com-
ponents across regional scales, which is key to our understanding of the general as well as
province-specific and variable effects of eutrophication. Also, the species-specific re-
sponses of macroalgae have been little studied, an important knowledge gap as they can
affect predator-prey interactions (Sunda et al. 2006) and the cycling of carbon and nitro-
gen through benthic food webs (Olsen et al. 2011) in turn altering fish and invertebrate
communities (Deegan et al. 2002). Finally, understanding the effects of nutrient loading
on eelgrass habitats and their carbon and nitrogen storage capacity is becoming increas-
ingly urgent because of the importance of coastal vegetated habitats (blue carbon) in
mitigating anthropogenic carbon dioxide emissions (McLeod et al. 2011). Therefore, the
objectives of our study were to examine 1) phytoplankton biomass and particulate matter,

2) the abundance and composition of benthic and epiphytic macroalgal assemblages, 3)
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eelgrass canopy structure, and 4) the carbon and nitrogen storage of eelgrass beds across

a gradient of eutrophication on a regional scale in Atlantic Canada.

3.2. Methods

3.2.1. Study Sites

We sampled 12 sites located within larger estuaries in the Provinces of New Bruns-
wick (NB) and Prince Edward Island (PEI), Canada from 27 July to 08 August 2007 (Fig.
3-1, Table 3-1). All estuaries contained mostly soft sediment substrate and eelgrass beds
as the dominant structuring vegetation. Sites were chosen a priori based on the range and
severity of human uses that would contribute nitrogen to the estuary (Coll et al. 2011) and
annual mean nutrient concentrations in PEI rivers (M. van Heuvel unpub. data) and then
grouped into low (L) and high (H) eutrophication a posteriori using % tissue nitrogen
concentrations in eelgrass blades and roots (see Eelgrass Canopy Structure and Storage
Services for collection methods). We used the % tissue nitrogen because it is a more inte-
grated measure of nutrient conditions than short-term water column nitrogen concentra-

tions (Duarte 1990; Lee et al. 2004).

3.2.2. Sampling Design

At each site, one 50 x 4 m transect was laid parallel to the shore inside the eelgrass
bed >10 m from the vegetation-bare substrate interface. To assess water column inte-
grated phytoplankton abundance, we manually collected three 1 L water samples over the
transect center using a pipe sampler (weighted tubing 2 m long x 2.5 cm diameter) at 3
times of the tide to capture at least one high and low tide at each site. Samples were kept
in opaque thermos bottles, filtered on site within an hour of collection and frozen for
storage (see below). To assess the eelgrass canopy and benthic and epiphytic (on eel-
grass) macroalgae, we sampled eleven quadrats (0.5 x 0.5 m, with 0.25 m subsections)

placed every 5 m along the transect during high tide.
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3.2.3. Phytoplankton Abundance

To assess the abundance of the phytoplankton community and other particles in the
water column we measured concentrations of chlorophyll @ (Chl @) and phacopigments
(ug L), total particulate matter concentration (TPM; mg L) and its organic (POM; mg
L") and inorganic (PIM; mg L) components. We used a Pall filtration rig with three 200
mL polysulfone filter funnels with a 19.1 mm effective diameter attached to a Welch pis-
ton vacuum pump (Model 2522) to filter the three water samples per site. For Chl a and
phaeopigments, two replicate 70 mL subsamples were filtered through 0.7 ym Whatman
GF/F filters (2.5 cm diameter). All filters were placed in cryovials and stored in liquid
nitrogen. Particles from another two replicate subsamples were captured by filtering
through a pre-combusted (6 h at 450°C) and weighed 0.7 um Whatman GF/F filters to
estimate TPM, POM, and PIM, but the volume filtered was judged by the appearance of
color on the filter and depended on the study site. The volume filtered ranged from 50-
150 mL but remained constant within a site. The filters were washed twice with 5 mL of

2% ammonium formate to remove salt, placed in a petri dish and stored on ice.

In the laboratory, Chl a concentrations were determined using the Welschmeyer
technique (Welschmeyer 1994) by extracting particulate matter retained on the GF/F fil-
ters in 90% acetone at -20°C for 24 hours and measuring the extract in a Turner Designs
10-005R fluorometer. To convert all Chl a to phaeopigment, 5 ©L of 10% HCI was added
to the extract. Phaeopigment concentration was then estimated by measuring the fluores-
cence from the acidified extract (Strickland and Parsons 1972). TPM filters were dried
(60°C, 24 h), weighed (dry weight), combusted (450°C, 6 h) and weighed again (com-
busted weight) to estimate POM and PIM.

3.24. Benthic and Epiphytic Macroalgae

To evaluate changes in benthic and epiphytic algal community structure the same ob-
server estimated the percent cover of benthic and epiphytic algae in each 0.25 m” quadrat
by hovering just above the top of the canopy. Using the 0.25 m subsections as a guide,
the percent cover of each algal species on the bottom and on the eelgrass blades was es-

timated with respect to the bottom to the nearest 2% whereby the sum of benthic and epi-
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phytic cover could exceed 100%. All algae were identified to the lowest possible taxon in

the field, and used to calculate species richness (S).

3.2.5. Eelgrass Canopy Structure and Storage Services

To examine changes in the canopy structure we used a 0.25 x 0.25 m inset of the
sampling quadrat to count shoot density and measure canopy height of four haphazardly
selected shoots from the substrate to the tip of the longest blade to the nearest millimeter.
We also examined changes in eelgrass above (blades) and below (roots and rhizomes)
ground biomass. We used a sediment core (0.2 m diameter; 0.2 m deep) to collect the
above and below ground biomass at three locations (0, 25, and 50 m) along each transect.
First, we gently pressed the core in the collection location to leave an outline on the
sediment and then cut and removed all of the above ground tissue from within the outline.
Next, we took the entire core sample to estimate below ground biomass. Any above
ground tissue in the core sample itself was added to the weight of all cut blades, which
may have led to a slight overestimation of above ground biomass (~1-2 shoots) in loca-

tions of high shoot density.

In the laboratory, all visible epiphytes were scraped from the blades prior to weighing
above ground wet weight to the nearest milligram. All of the blades and roots and rhi-
zomes from 2-5 shoots from each core sample were weighed prior to drying (70°C, 48 h)
and re-weighed to estimate the wet:dry weight ratio. After weighing, the dried above and
below ground tissue samples were homogenized separately and a 50 mg dry weight sub-
sample was analyzed using a Perkin Elmer Carbon Hydrogen Nitrogen 2400 Analyzer to
estimate tissue carbon (C) and nitrogen (N) content. We used the average above and be-
low ground percent tissue C and N and biomass per site to estimate the amount of C and

N stored (kg m™) in above and below ground eelgrass beds.

3.2.6. Statistical Analysis

For all analyses we used a fully crossed two-factorial design with a fixed province
(two levels, NB and PEI) and eutrophication factor (two levels; L and H). Where possible
we used parametric statistics and compared the results with the non-parametric technique;

however, since the results were the same we only present the non-parametric analyses for
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consistency across all results. We used univariate permutational analysis of variance
(PERMANOVA) on the Euclidean distance matrix of species richness as well as the zero-
adjusted Bray-Curtis similarity matrix of the square root transformed total abundance of
benthic and epiphytic primary producers. Permutational post-hoc z-tests were used where

significant effects were detected (Anderson et al. 2008a).

Since some variables were not independent, we used multivariate PERMANOVAs to
examine the effects of province and eutrophication on the Euclidean distance matrix of
normalized 1) Chl a and phaeopigments, 2) PIM and POM, 3) eelgrass shoot density and
canopy height, 4) above and below ground biomass, 5) %C and %N tissue content, and 6)
overall C and N storage. Where differences were significant we followed up with pro-

tected univariate PERMANOVA and post hoc #-tests.

Analogous to ANOVA, PERMANOVA also estimates the components of variation
for both fixed and random factors as sums of squared fixed effects (divided by the appro-
priate degrees of freedom) and actual variance components (Anderson et al. 2008a).
These estimators are directly comparable and useful in determining the relative impor-
tance of different terms in the model in explaining the overall variance. Since the esti-
mates are in squared units of either Euclidean distance or Bray-Curtis similarity, the
square root (sqrt-V) is taken to put them back into their original units (Anderson et al.

2008).

Multivariate PERMANOVA was also used to assess the community composition of
the benthic and epiphytic algae. We used the zero-adjusted Bray-Curtis similarity matrix
of the dispersion weighted algal cover to dampen the fluctuations of the metric for near-
blank samples in an analogous way to the addition of a constant to the log transformation
(Clarke and Gorley 2006). Dispersion weighting divides the cover of each species by
their variance to mean ratio calculated from replicate quadrats within a site and then av-
eraged across sites. This only downweights numerically dominant spatially clustered spe-
cies decreasing the influence of their erratic cover estimates on the similarity coefficients
(Clarke and Gorley 2006). When a significant effect was detected, we used similarity
percentages analysis (SIMPER) to identify the species that consistently contributed (dis-
similarity/SD > 1) to the observed dissimilarities (Clarke and Warwick 2001). We used
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cluster analysis on the zero-adjusted Bray-Curtis similarity matrix of the square root
transformed site-averaged benthic and epiphytic cover to identify more general patterns

in the community.

Finally, to assess changes in the overall primary producer assemblage, we used
principal component analysis (PCA) on the site-averaged concentration of Chl a, com-
bined above and below ground eelgrass biomass and the total cover of benthic and epi-
phytic macroalgae to evaluate the overall response of the phytoplankton-macrophyte-
eelgrass assemblage to eutrophication. We then used regression analysis of the first prin-
cipal component axis as well as the individual components Chl a, benthic and epiphytic
algal cover and eelgrass biomass against percent tissue nitrogen to examine the effect of

eutrophication on a regional scale.

3.3. Results

3.3.1. Eutrophication Levels

The % tissue nitrogen (%N) in eelgrass blades and roots identified two different eu-
trophication levels in our a priori selected sites (Table 3-1, Fig. 3-2). The average of the
above and below ground %N ranged by 0.22% and 0.27% within the low and high eutro-
phication levels, respectively and there was a significant difference in both above and be-

low ground %N between eutrophication levels (Table 3-2).

3.3.2. Phytoplankton Abundance

Chl a and phaeopigments, phytoplankton degradation products, increased signifi-
cantly in the water column with eutrophication (Fig. 3-3; Table 3-3) and there was no
province effect or interaction between factors. Despite the apparent increase in PIM with
eutrophication (Fig. 3-3), there was a no significant effect of eutrophication, province or
their interaction in the multivariate analysis with POM (Table 3-3) likely because of the
high variability under eutrophied conditions. However, the effect of eutrophication ex-

plained the greatest amount of variance in PIM and POM after the residual.
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3.3.3. Benthic and Epiphytic Macroalgae

Overall, 16 species or genera of benthic and epiphytic macroalgae were identified
during field surveys: four red (4hnfeltia plicata, Chondrus crispus, Cystoclonium pur-
pureum, Rhodochorton purpureum), eight green (Chaetomorpha linum, Cladophora
rupestris, Codium fragile ssp. tomentosoides, Rhizoclonium sp., Spongomorpha sp., Ulva
intestinalis, U. lactuca, Ulothrix speciosa) and four brown algal species (Fucus evanes-
cence, F. vesiculosus, Pilayella littoralis, Sphaerotrichia divaricata). Of these, six were

annuals and only Ulothrix speciosa was an epiphyte on eelgrass.

Total abundance (% cover) of the benthic and epiphytic macroalgae was significantly
affected by a province by eutrophication interaction (Table 3-4); however, eutrophication
explained the greatest amount of the variation. Overall, total abundance strongly in-
creased with eutrophication across as well as within provinces (Fig. 3-4). Species rich-
ness significantly increased with eutrophication with no effect of province nor was there
an interaction between factors (Fig. 3-4, Table 3-4). Because of overall low species rich-

ness, with often only one species per site, we did not further examine diversity patterns.

Cluster analysis of the community composition, based on the average percent cover
(mean of 11 quadrats per site) of each benthic and epiphytic species, revealed that sites
with low levels of eutrophication were more similar to each other (73.3%) than to high
sites (except one high site in NB) within the same province (Fig. 3-4 insert). It also
showed that the different responses of the communities to high levels of eutrophication
were driving the differences between provinces (Fig. 3-4 insert). The most important fac-
tor in explaining the variance in benthic and epiphytic community composition (multi-
variate PERMANOVA) was the eutrophication level (Table 3-4). In NB, community
composition significantly differed between low and high levels (Post Hoc: p = 0.001)
largely driven by the increase in Ulothrix speciosa (Fig. 3-4). In PEI, the significant dif-
ferences between low and high (p = 0.001) were driven by the increase in both Ulva lac-

tuca and U. speciosa.
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3.3.4. Eelgrass Canopy Structure

Overall, eelgrass shoot density declined with increasing eutrophication (Fig. 3-5) but
there was a significant province by eutrophication interaction (Table 3-5). In both prov-
inces, shoot density significantly declined from low to high levels (Post Hoc: p < 0.023;
Fig. 3-5) and the interaction is one of magnitude because shoot density declined more in
PEI than NB. Across provinces, the canopy was similarly short under low levels of eutro-
phication (p = 0.69); however, the increase in height from low to high levels was more
pronounced in PEI (Fig. 3-5), resulting in a significant interaction between eutrophication

and province (Table 3-5).

There was a reduction in total eelgrass biomass with increasing eutrophication (Fig.
3-5). The decline was significant in above ground biomass in both provinces (Fig. 3-5;
Table 3-5) but below ground biomass only decreased in PEI (Post Hoc: p = 0.001) lead-
ing to a significant interaction between province and eutrophication (Table 3-5). In addi-
tion, the below ground biomass under low levels of eutrophication did not differ between
provinces (p = 0.08) but was significantly lower in PEI under highly eutrophic conditions

(p = 0.001).

3.3.5. Carbon and Nitrogen Storage

While the tissue nitrogen content showed a clear increase with eutrophication (see
above, Eutrophication levels), the tissue carbon content in above and below ground eel-
grass was similar across eutrophication levels but was significantly higher in PEI (Table
3-2, Fig. 3-2). The overall carbon and nitrogen storage in above and below ground eel-
grass biomass was significantly affected by the province by eutrophication interaction as
were the below ground carbon and nitrogen storage when examined individually (multi-
variate and protected PERMANOV As; Table 3-5). Despite the increase in tissue carbon
content (%) across provinces, carbon storage (g m™) showed a similar pattern to eelgrass
biomass whereby total carbon storage declined with eutrophication (Fig. 3-5). There was
no effect of province or eutrophication on above ground carbon storage (Table 3-5), nor
was there a difference in below ground storage between levels in NB (Post Hoc: p = 0.28)
or across provinces under low levels of eutrophication (p = 0.09). However, there was

significantly more carbon stored in the below ground tissue in NB under high eutrophica-
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tion levels (p = 0.001) and the overall decline in total carbon storage was driven by the
significant decrease in below ground storage in PEI (p = 0.001).Total nitrogen storage
was similar across eutrophication levels likely because tissue nitrogen increased with eu-
trophication causing nitrogen storage to differ from the pattern observed in biomass (Fig.
3-5). There was no change in above ground nitrogen storage across provinces or eutro-
phication levels (Table 3-5), whereas below ground nitrogen storage significantly de-
clined in PEI (Post Hoc: p = 0.009) but not in NB (p = 0.11). However, similar to the pat-
tern in below ground biomass, nitrogen storage was significantly lower in PEI under lev-
els of high eutrophication (p = 0.001) but was not different between provinces for low

eutrophication levels (p = 0.14).

3.3.6. Overall Community

Principal component analysis of the entire primary producer assemblage showed
clear distinctions between the levels of eutrophication (Fig. 3-6a). There was a negative
correlation between overall eelgrass biomass (principal component (PC) 1 eigenvectors: -
0.556) and the percent cover of benthic and epiphytic macroalgae (0.645) and Chl a con-
centration (0.524) in the first principal component separating the low and highly eutro-
phied conditions. The first principal component explained 70.6% of the variation. The
second principal component was divided between the effect of eelgrass biomass (PC2
eigenvector: 0.657) and Chl a (0.753) and explained an additional 22.7% of the variation
for a cumulative of 93.3%. Despite the variability in the response of some of the sites in
PC1, there was a significant positive relationship (Linear regression, F 0= 17.0, p =

0.002) between the PC1 scores and average (blades and roots) tissue nitrogen (Fig. 3-6b).

We also examined the response of each component of the PCA across the regional
scale (Fig. 3-7). There was a significant positive relationship between average tissue ni-
trogen and Chl a (Linear regression, F 0= 7.7, p = 0.02; Fig. 3-7a) and the strongest re-
lationship was with the cover of benthic and epiphytic algae (F110=21.4, p <0.001; Fig
3-7b). However, the negative relationship between average tissue nitrogen and overall

eelgrass biomass was not significant (p = 0.10; Fig. 3-7¢).
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3.4. Discussion

Our large-scale field surveys revealed a general regional shift from perennial eelgrass
to opportunistic macroalgae and phytoplankton with increasing eutrophication in Atlantic
Canada, but also some province- and species-specific responses. We further showed that
carbon and nitrogen storage of eelgrass habitats declined with increasing eutrophication.
Overall, our results demonstrate that eutrophication alters the structure and services of
eelgrass beds with potentially wide-ranging consequences on coastal ecosystems and hu-

man well-being (Millennium Ecosystem Assessment 2005; Hughes et al. 2009).

3.4.1. Changes in Phytoplankton

Due to their short life-history, phytoplankton respond quickly to enhanced nutrient
availability by increasing their biomass and can maintain a high biomass under sustained
enrichment conditions (Sunda et al. 2006). Like previous studies in seagrass beds (Short
et al. 1995; Moore et al. 1996), we documented an increase in phytoplankton biomass
(Chl a) and phaeopigments, the degradation products of Chl a, with increasing nutrient
loading. Increase in phytoplankton biomass is a major contributor to particle light at-
tenuation in the water column and has been linked to eelgrass decline (Olesen 1996). In-
deed, in our study, eutrophied sites with higher Chl a had reduced eelgrass density and
biomass and enhanced canopy height, all indicating shading. In addition, increased ben-
thic re-suspension because of the decrease in sediment stabilization due to the decline in
eelgrass (Christiansen et al. 1981; Olesen 1996) can create a positive feedback loop fur-

ther promoting eelgrass loss (Duarte 1995).

3.4.2. Changes in Benthic and Epiphytic Macroalgae

To date, much of the work on algae in eelgrass beds has focused on the overall in-
crease in macroalgal abundance with nutrient loading emphasizing problematic species
(Hauxwell et al. 2001; McGlathery 2001) while studies at the species level have focussed
on species presence and absence (Johnson et al. 2005) and benthic and epiphytic microal-
gae (Neckles et al. 1993; Coleman and Burkholder 1995; Jaschinski et al. 2009). Our

study is the first to document species-specific changes in epiphytic and benthic macroal-
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gal abundance in eelgrass beds across different levels of eutrophication on both local and

regional scales.

Typically, macroalgal assemblages in temperate seagrass beds with limited nutrient
availability are dominated by rhodophytes whereas those experiencing nutrient loading
are dominated mainly by filamentous and foliose chlorophytes (McGlathery 2001;
Johnson et al. 2005; Schmidt et al. 2011). In our study, we identified one epiphytic and
15 benthic macroalgal species across all sites, and under high levels of eutrophication the
assemblage was dominated by both filamentous and foliose green algal species. Although
no work has examined the shifts in benthic macroalgal species assemblages specifically
in eelgrass beds, research on ephemeral algae showed changes from predominantly red
corticated algae (e.g., Ceramium spp., Polysiphonia spp.) to foliose (e.g., Ulva spp., Por-
phyra spp.) and uniseriate filaments (e.g., Ulothrix spp., Pilayella spp.) under increasing
nutrient enrichment (Karez et al. 2004). Our results showed a clear increase in ephemeral
epiphytic and benthic macroalgal cover but there was a difference in the responding spe-
cies between provinces. In New Brunswick, the uniseriate filamentous epiphyte Ulothrix
speciosa increased 40-fold in cover and in Prince Edward Island, the benthic foliose Ulva
lactuca increased 670-fold reaching up to 61% cover. Despite using different metrics, our
results are consistent with the observed 6-fold increase in benthic macroalgal biomass
(Valiela et al. 1997), 38-fold increase in macroalgal canopy depth (Hauxwell et al. 2001)
and 100-fold increase in epiphyte biomass (Wright et al. 1995) between estuaries with

low and high nutrient loading.

The differences in the dominant species between provinces may be driven by a com-
bination of factors, including differences in environmental conditions, climate, propagule
supply, interactions between algal species and consumers as well as differences in nutri-
ent loading (Lin et al. 1996; Johnson et al. 2005). Short et al. (1995) found that under
identical nutrient enrichment conditions, phytoplankton, epiphytes and macroalgae each
independently dominated a mesocosm tank which was attributed to differences in top-
down control. Moreover, foliose macroalgae require higher loading rates than filamen-
tous algae to bloom because they maintain higher individual biomass, have longer turn-
over times and lower nutrient uptake rates (Duarte 1995; Havens et al. 2001). This may

suggest that, despite similar eelgrass tissue nitrogen content, the eutrophied estuaries in
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Prince Edward Island may have higher nitrogen inputs than New Brunswick. Overall, the
changes in macroalgal species composition and abundance will likely have a profound
effect on associated animal communities as they provide food and habitat for a variety of

species (Deegan et al. 2002; Schmidt et al. 2011).

3.4.3. Changes in Eelgrass Canopy Structure

Eelgrass can show both a physiological and morphological response to nutrient load-
ing and light limitation (Short 1987; Moore et al. 1996; Romero et al. 2006). As nutrient
enrichment and light attenuation increase, eelgrass responds by increasing leaf length and
decreasing shoot density, biomass and growth leading to changes in canopy structure and
ultimately eelgrass loss (van Lent et al. 1995; Moore et al. 1996; Short and Burdick
1996). Using mesocosm experiments, Short et al. (1995) teased apart the effects of nutri-
ent enrichment and light limitation on eelgrass and found that shoot density and above
ground biomass both decreased by 50% in all treatments whereas leaf length only in-
creased by 29% with shade. We found a 45% decline in shoot density, 53% increase in
leaf length and a 27% decline in above below ground biomass, which is consistent with
the effects of shading. Light limitation has been attributed as the main cause of eelgrass
decline in increasingly eutrophic estuaries by inhibiting growth and recruitment (Short et

al. 1995; Hauxwell et al. 2001; Hauxwell et al. 2003).

The increases in phytoplankton biomass, and epiphytic and benthic macroalgal abun-
dance observed in our study have all been documented to increase water column light at-
tenuation (Hauxwell et al. 2001; Brush and Nixon 2002; Carroll et al. 2008). Both water
column and epiphyte shading are detrimental for established shoots, whereas shading by
macroalgal mats was more detrimental for newly recruiting eelgrass shoots (Hauxwell et
al. 2001; Hauxwell et al. 2003). This suggests that the light limitation imposed by the
large increases in phytoplankton biomass, epiphyte cover in New Brunswick and benthic
macroalgal cover in Prince Edward Island contributed to the observed changes in canopy
structure of established shoots but may also have a severe effect on the recruitment of

new shoots.

Other potential factors that have been implicated in eelgrass decline, whose effects

are exacerbated under low light conditions and high temperatures, include alterations in
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oxygen and ammonium concentrations resulting from the presence of macroalgal cano-
pies (McGlathery et al. 1997; Hauxwell et al. 2001; Havens et al. 2001) and increased
sediment sulfides and anoxia (Pregnall et al. 1984; Goodman et al. 1995; Pulido and
Borum 2010). Although we did not measure sulfides, sediments from cores collected at
each of our study sites smelled increasingly of hydrogen sulfide with eutrophication, es-
pecially in Prince Edward Island. In addition, we observed extensive leaf bleaching at
two of the highly eutrophied sites in Prince Edward Island which is indicative of water
column anoxia (Pulido and Borum 2010). Once a shoot dies, so does the ramet and since
eelgrass does not have dormant buds on their rhizomes to form new shoots it can only re-
colonize from the seed bank (Greve et al. 2005). Over time with persistent or re-occurring
periods of extended anoxia this would lead to a decline in the below ground tissue due to
inhospitable growing conditions and recurring die-offs of the new ramets to eventual ex-
tirpation as the seed bank is exhausted. This is likely what is happening in Prince Edward
Island since we had an 82% decline in below ground biomass. However, in New Bruns-
wick there was no significant change in below ground biomass, indicating that changes in
sediment and water column chemistry were less severe which was likely due to the dif-
ferential response of the macroalgal community between provinces: epiphytic macroalgae

in New Brunswick compared to extensive benthic algal mats in Prince Edward Island.

3.4.4. Changes in Eelgrass Carbon and Nitrogen Storage

Eelgrass tissue nitrogen is known to reflect the nutrient availability of the surround-
ing waters (Short 1987; Duarte 1990; Lee et al. 2004) and we did document a significant
increase in tissue nitrogen across study sites. However, despite this increase in tissue ni-
trogen, our values were all below the 1.8% benchmark established by Duarte (1990) indi-
cating that eelgrass at our sites was still nitrogen limited. Macroalgae and phytoplankton
compete strongly with eelgrass for nutrients (Duarte 1995) which can lead to nutrient
limitation even under enriched conditions. Their increased abundance can initially benefit
eelgrass by acting as a nutrient ‘sponge’ (Harlin 1978); however, these benefits are
quickly outweighed by the adverse effects of biogeochemical changes in the sediment

and light limitation (Burkholder et al. 1992).
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Coastal rooted macrophytes, like eelgrass, are increasingly being recognized as sig-
nificant carbon sinks for anthropogenic CO, and their global decline seriously threatens
the ability of the coastal ocean to sequester carbon (Nellemann et al. 2009; McLeod et al.
2011). As the vegetation changes from eelgrass- to macroalgae- and phytoplankton-
dominated, carbon and nitrogen cycling accelerates via increased herbivory and decom-
position and long term storage declines (Duarte 1995; McClelland and Valiela 1998).
These changes are reflected in our results where the decline in eelgrass biomass with in-
creasing eutrophication led to an overall reduction of the carbon storage capacity of the
habitat. The 82% decrease in below ground carbon storage in Prince Edward Island may
have more serious long term repercussions because it was not offset by the 30% increase
in below ground storage in New Brunswick and below ground storage has the greatest
potential for long term carbon sequestration via burial (Mateo et al. 2006). Although total
nitrogen storage did not change with eutrophication because of the increase in tissue ni-
trogen, there was a significant decrease in below ground nitrogen storage in Prince Ed-
ward Island. Therefore, the shift in the dominant primary producer from perennial eel-
grass to ephemeral benthic and epiphytic macroalgae and phytoplankton will have pro-
found implications not only for carbon and nitrogen cycling, storage and sequestration
but also the trophic structure of associated food webs in New Brunswick and Prince Ed-

ward Island.

3.4.5. Overall Community Changes and Indicators of Eutrophication

Our study is the first to integrate changes in different primary producer components
with increasing eutrophication into one analysis. Our PCA results clearly distinguished
between the two eutrophication levels and show that all three primary producer compo-
nents were needed to explain the variation in the response between provinces. Previous
studies have reported positive relationships between total water column nitrogen and ben-
thic and epiphytic macroalgal abundance, Chl a and a negative relationship with eelgrass
biomass (Borum 1985; Short et al. 1995; Carroll et al. 2008). In our study, we found
similar relationships with eelgrass tissue nitrogen but it was clear that the combination of
the three different primary producer components best reflected the overall effect of eutro-

phication highlighting the variable response of individual ecosystems to nutrient loading.
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There were two notable omissions in our study on primary producers, benthic and
epiphytic microalgae. Benthic microalgal biomass and production frequently equal or ex-
ceed the biomass and production of phytoplankton in shallow coastal habitats (Webster et
al. 2002) and epiphytic microalgae can, on average, contribute 18% of the productivity of
an eelgrass bed (Penhale 1977). Increases in biomass and productivity, a concurrent de-
crease in diversity as well as a shift from large sized diatoms to small diatoms and cyano-
bacteria with increasing eutrophication have been documented for both epiphytic and
benthic microalgal species (Neckles et al. 1993; Coleman and Burkholder 1994;
Hillebrand and Sommer 1997). Both types of microalgae play a significant role in the up-
take, cycling and trophic transfer of both carbon and nitrogen (Neckles et al. 1993;
Sundbick and Miles 2002; Webster et al. 2002) and, along with their significant contribu-
tion to estuarine production warrants further research into the effects of eutrophication on
these two microalgal components which is essential for a complete picture of the changes

in primary producer assemblages in eelgrass ecosystems under increased nutrient loading.

Our large-scale field surveys clearly show that eutrophication of coastal estuaries is
profoundly altering the primary producer assemblage, eelgrass canopy structure and car-
bon and nitrogen storage capacity of coastal ecosystems at local and regional scales.
These results highlight that management responses to eutrophication can be outlined on a
regional scale, yet may need to be refined on a more local scale where natural variation
between estuaries and differences in human activities can modify an ecosystem’s re-
sponse to eutrophication. Without nutrient management, the projected increase in nitro-
gen loading into coastal waters coupled with warming ocean temperatures, expanding
bivalve and finfish aquaculture as well as other human activities could push increasingly
stressed eelgrass populations in the Canadian Maritimes into a slow decline and ulti-
mately loss of an essential coastal habitat with potentially severe consequences for asso-

ciated plant and animal communities as well as human well-being.
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Table 3-1. Name (ID), location, and eutrophication level (Level) for each study site as
well as bottom depth (Depth) at high tide, mean water temperature (Temp.), and salinity.
Also listed is the average of the above and below ground eelgrass (Zostera marina) tissue
nitrogen content (%N). Temperature and salinity are the mean of 3 measurements with an
SE range of 0.1-0.8 and 0.1-1.2, respectively.

Site ID  Location Level Depth Temp. Salinity %
(m) (°C) N
New Brunswick
Tabusintac Bay TB N4737W 6494 low 0.80 25.8 27.5 0.76
Baie St. Simon Sud SS  N47.73W64.77  low 1.00 23.7 26.8 0.90
Kouchibouguac Bay KB N46.84 W64.94 low 0.75 22.7 27.2 0.91
Baie de Laméque LM N47.79 W 64.67  high 1.50 22.7 27.0 1.14
Cocagne Harbour CG N4637W64.62  high 1.00 27.7 28.8 1.12
Baie de Bouctouche BT N46.50 W 64.68 high 0.75 27.5 27.7 1.20
Prince Edward Island
Stanley-Trout River Es- ST N46.47W 63.46 low 1 24.7 27.0 0.72
tuary
Freeland River Estuary FL  N46.66 W63.91 low 0.8 23.2 30.1 0.89
Mill River Estuary MR N46.77 W 64.08  low 0.8 23 31.3 0.94
Midgell River Estuary MD N 46.42 W62.63 high 1.5 22.7 24.5 1.13
Southwest River Estuary SW N 46.48 W 63.50  high 0.8 24.4 27.3 1.21
Kildare River Estuary KD N46.84 W64.05 high 0.3 27.5 27.0 1.39
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Table 3-2. Multivariate PERMANOVA results of the effect of province (PR) and
eutrophication (EUTRO) on the above and below ground tissue carbon and nitrogen
content (% CN) and univariate results for each component of tissue carbon and nitrogen
(below black line). sqrt-V are unbiased estimates of the components of variance for each
of the factors in the model. Negative sqrt-V values indicate that there is no evidence
against the null hypothesis (Anderson et al. 2008a). Total degrees of freedom (df) = 30
and RES is the residual. Significant effects are in bold.

Source PrR EUTRO PRXEUTRO RES
df 1 1 1 27
pseudo-F 10.4 0.74 2.49

Above and below p 0.002 041 0.11

%CN
sqrt-V 1.60 -0.27 0.90 1.99

% Nitrogen above  pseudo-F  0.33 52.8 0.63

P 0.58  0.001 043

sqrt-V -0.003 0.25 -0.003 0.13
below pseudo-F 0.29 67.0 0.43

p 0.58  0.001 0.53

sqrt-V -0.002 0.22 -0.003 0.10

% Carbon above  pseudo-F 10.4 0.74 2.49

)4 0.004 0.39 0.12

sqrt-V 1.60 -0.27 090 1.99
below pseudo-F 10.5 0.33 2.51

p 0.005 0.55 0.13

sqrt-V 097 -026 0.55 1.20
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Table 3-3. Multivariate PERMANOVA results of the effect of province (PR) and
eutrophication (EUTRO) on water column chlorophyll ¢ and phaeopigment (Chl a and
Phaeo) and particulate organic and inorganic matter (POM and PIM) concentrations as
well as the univariate results for each component (below black line). sqrt-V are unbiased
estimates of the components of variance for each of the factors in the model. Negative
sqrt-V values indicate that there is no evidence against the null hypothesis(Anderson et
al. 2008a). Total degrees of freedom (df) = 35 and RES is the residual. Significant effects
are in bold.

Source PrR EUTRO PR XEUTRO RES
df 1 1 1 32

pseudo-F  1.60  6.60 0.78

Chl ¢ and Phaco P 0.18 0.003 048
sqrt-V 0.24 0.73 -0.21 1.31

pseudo-F  1.20 1.87 0.24

POM and PIM P 0.28 0.16 0.80

sqrt-V 0.15 0.31 -0.41 1.41
Chla pseudo-F 2.84 10.8 1.77

p 0.11  0.002 0.20

sqrt-V 0.27 0.63 0.25 0.85
Phaeo pseudo-F 0.65 3.38 0.003

p 0.52  0.03 0.92

sqrt-V -0.14 0.36 -0.32 0.99
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Table 3-4. Multivariate PERMANOVA results of the effect of province (PR) and
eutrophication (EUTRO) on the community composition (Community) and univariate
results for total cover (%) and richness (S) of benthic and epiphytic macroalgae
associated with eelgrass beds. sqrt-V are unbiased estimates of the components of
variance for each of the factors in the model. Negative sqrt-V values indicate that there is
no evidence against the null hypothesis (Anderson et al. 2008a). Total degrees of freedom
(df) = 131 and RES is the residual. Significant effects are in bold.

Source Pr EUTRO PRXEUTRO RES
df 1 1 1 128

pseudo-F 39.1  92.2 34.6

Community p 0.001 0.001 0.001
sqrt-V 224 34.6 29.7 29.5

pseudo-F 3.82 2079 7.25
Cover p 0.019 0.001 0.003
sqrt-V 4.69 40.1 9.86 22.7
pseudo-F  0.049 70.6 1.22
Richness p 0.84 0.001 0.26
sqrt-V -0.09  0.81 0.06 0.79
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Table 3-5. Multivariate PERMANOVA results of the effect of province (PR) and
eutrophication (EUTRO) on eelgrass characteristics: 1) shoot density (SD) and canopy
height (CH), 2) above and below ground biomass (BIOMASS) and 3) above and below
ground carbon and nitrogen storage (CN). Protected univariate PERMANOVA of
individual eelgrass characteristics are shown below the dark line. sqrt-V are unbiased
estimates of the components of variance for each of the factors in the model. Negative
sqrt-V values indicate that there is no evidence against the null hypothesis (Anderson et
al. 2008a). Total degrees of freedom (df) = 131 and RES is the residual. Significant
effects are in bold.

SOURCE PR EUTRO PR XEUTRO RES

df 1 1 1 128

pseudo-F  8.37 46.0 21.9

SD and CH p 0.001  0.001  0.001
sqrt-V 0.37 0.94 0.90 1.13

Above and below  pseudo-F  2.94 3.87 4.22

biomass P 0.058  0.028 0.018
sqrt-V 8.55 10.4 15.6 25.6
pseudo-F 0.49 1.29 4.86

Above and below 062 029  0.015

N sqrt-V -0.33  0.24 1.26 1.90
pseudo-F 19.6 100.7 57.5

SD p 0.001  0.001  0.001
sqrt-V 0.35 0.81 0.86 0.65
pseudo-F 2.72 18.6 3.99

CH p 0.09 0.001  0.05

sqrt-V 0.15 0.48 0.28 0.92
Biomass above  pseudo-F 2.20 4.15 2.16

p 0.11 0.03 0.12

sqrt-V 6.57 10.6 9.13 25.1
below pseudo-F  4.07 5.40 10.1

p 0.03 0.004  0.001

sqrt-V 9.38 11.2 22.9 22.4
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SOURCE PR EUTRO PRXEUTRO RES

df 1 1 1 128
Carbon above pseudo-F 0.0005 2.17 0.40

P 0.98 0.14 0.54

sqrt-V -0.24  0.26 -0.26 1.01
below pseudo-F 0.36 3.24 11.1

)4 0.54 0.07 0.002

sqrt-V -0.17 031 0.93 0.86
Nitrogen above pseudo-F 0.07 0.002  0.12

P 0.77 0.96 0.74

sqrt-V -0.24 025 -0.33 1.04
below pseudo-F 1.85 0.007 114

)4 0.19 0.81 0.001

sqrt-V 0.19 -0.20  0.96 0.88
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Figure 3-1. Map of” study sites experiencing low (grey circle) and high (black circle)
levels of eutrophication in the provinces of New Brunswick and Prince Edward Island
in Atlantic Canada (see Table 3-1 for more details on each site and Coll et al. (2011)
for photos).
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Figure 3-2. Mean above and below ground tissue nitrogen and carbon content (%) of
eelgrass (£SE) across low (L) and high (H) eutrophication levels and the provinces of
New Brunswick (NB) and Prince Edward Island (PEI), respectively.
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Figure 3-3. Concentrations (mean £SE) of chlorophyll a (Chl @), phaeopigments, and
total particulate matter (TPM) with its organic (POM) and inorganic (PIM) components
for water samples collected at sites experiencing low (L, white) and high (H, black)
levels of eutrophication.
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Figure 3-5. Canopy structure (shoot density and canopy height, £SE) of eelgrass beds
across low (L, white) and high (H, black) levels of eutrophication in New Brunswick
(NB) and Prince Edward Island (PEI) as well as biomass, carbon, and nitrogen storage in
the above (light grey) and below (dark grey) ground component of the eelgrass beds.
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Figure 3-6. (a) Principal component analysis using overall above and below ground
eelgrass biomass, phytoplankton chlorophyll @ (Chl a) concentration and the total
percent cover of benthic and epiphytic macroalgae (B and E) across low (white) and
high (black) levels of eutrophication in New Brunswick (triangles) and Prince
Edward Island (circles) and (b) linear regression of principal component 1 (PC1)
scores against average (blades and roots) eelgrass tissue nitrogen content (%N)
across all sites in both provinces.
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Figure 3-7. Regression analysis of (a) chlorophyll a (Chl @) concentration, (b) the
total percent cover of benthic and epiphytic macroalgae, and (c) overall eelgrass
biomass against average eelgrass tissue nitrogen (%N) content across all sites in
New Brunswick (triangles) and Prince Edward Island (circles). Eutrophication levels
are indicated with colors (low = open; high = black).
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CHAPTER 4

Effects of Eutrophication on Fish and
Invertebrate Communities in Seagrass

Habitats

4.1. Introduction

The coastal ocean harbors some of the most diverse and productive habitats on the
planet and is increasingly threatened by multiple anthropogenic activities (Duarte 2002;
McClanahan 2002; Steneck et al. 2002b). The most universal threat to estuaries and
coasts is nutrient pollution leading to the eutrophication of marine ecosystems (Jackson et
al. 2001; Tilman et al. 2001; Kennish 2002). Estuaries are particularly sensitive to nutri-
ent loading because they are semi-enclosed and have more limited flushing than an open
coast (Kennish 2002; Dolbeth et al. 2003; Powers et al. 2005). In addition, riverine input
to the estuary can deliver nutrients from human activities far upstream adding to those
entering locally via direct discharge, land runoff, groundwater and atmospheric deposi-
tion (Vitousek et al. 1997; Kennish 2002). Nitrogen, the main driver of estuarine eutro-
phication in temperate regions (Howarth 1988; Howarth and Marino 2006), has increased
in rivers between 2- to 20-fold for most regions surrounding the North Atlantic Ocean
since pre-industrial times (Howarth et al. 1996) and is projected to continue increasing
with coastal population density, agriculture and fossil fuel combustion (Vitousek et al.

1997; Tilman et al. 2001; Millennium Ecosystem Assessment 2005).

Seagrasses are found in estuaries around the world and eutrophication is one of the
major contributors to the 33% decline in global seagrass area over the last century

(Hughes et al. 2009; Waycott et al. 2009). Higher nitrogen concentrations stimulate the
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growth of phytoplankton and opportunistic epiphytic and free-floating macroalgae effec-
tively shading seagrass plants, which, in temperate estuaries, is the primary cause for sea-
grass loss (Hauxwell et al. 2001; Hauxwell et al. 2003). In addition, the decomposition of
the increased amount of sinking particulate organic matter enhances oxygen depletion
and the development of water column hypoxia and sediment anoxia (Gray et al. 2002),
which alone can lead to the loss of seagrass beds (Pregnall et al. 1984; Goodman et al.
1995) but when combined with reduced light penetration is especially lethal (McGlathery
2001).

Seagrass beds play a vital role as breeding, nursery and foraging grounds and shelter
for associated species including many commercially important fish and invertebrates
(Duarte 2002; Heck et al. 2003; Hughes et al. 2009). However, changes in or loss of the
seagrass canopy can have serious repercussions on the associated community which can
lead to changes in trophic structure (Deegan et al. 2002; Pihl et al. 2006; Hughes et al.
2009). Yet, it is not simply the loss of the seagrass habitat that affects the associated
fauna (Pihl et al. 2006; Schmidt et al. 2011) but also the biogeochemical processes that
contribute to the shift in primary producers as eutrophication proceeds (Gray et al. 2002;
Paerl 2006). The increase in phytoplankton and ephemeral algae associated with nutrient
enrichment enhances the food resources available to filter feeders and herbivores (Diaz
and Rosenberg 1995) which alters the pathway of nutrients through the benthic food-web,
ultimately affecting the habitat’s ability to support higher trophic levels (Deegan et al.
2002). In addition, the presence of an algal canopy may initially mitigate the effects of
seagrass decline by providing an alternative habitat (Norkko et al. 2000; Salovius et al.
2005) but it also decreases the oxygen concentration at the sediment interface (Hauxwell
et al. 2001) and mass accumulations may lead to frequent episodes of water column hy-
poxia (McGlathery 2001). Hypoxia in the water column and anoxic sediments can have
negative effects on growth, metabolism and survivorship of finfish, shellfish and other
invertebrates (Pihl et al. 1991; Rosenberg et al. 2001; Gray et al. 2002) and has been
deemed the main driver of changes in benthic fauna associated with eutrophication (Gray

et al. 2002).

In Atlantic Canada, many bays and estuaries are dominated by the eelgrass Zostera

marina (Gotceitas et al. 1997; Seymour et al. 2002; Coll et al. 2011). However, estuarine
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eutrophication in this region has already led to a shift in dominance of the primary pro-
ducer assemblage from eelgrass under low nutrient conditions to phytoplankton and op-
portunistic macroalgae under high nutrient conditions (Schmidt et al. 2012). This study
aims to examine the effects of eutrophication on the fish and invertebrate community as-
sociated with eelgrass beds as well as the species- and functional group-specific re-
sponses of the fauna and their habitat usage. Much of the work in temperate seagrass beds
has focused on temporal changes within and between estuaries (e.g. Bonsdorff et al.
1997; Bachelet et al. 2000; Bostrom et al. 2002), spatial changes within an estuary across
a gradient of eutrophication (e.g. Deegan et al. 2002; Cardoso et al. 2007) or on one com-
ponent of the faunal assemblage such as infauna (e.g. Dolbeth et al. 2003) or fishes (e.g.
Schein et al. 2012). The faunal patterns in many of these studies showed a decline in the
total abundance and species richness and a shift towards small opportunistic and hypoxia
tolerant species. Understanding these patterns across faunal groupings and at an estuary
level is essential for regional scale management and decision making. Therefore, the
main objectives of our study was to assess the local and regional-scale effects of increas-
ing eutrophication on the faunal community as a whole as well as the response of specific
species and functional groups and the habitat usage by adults and juveniles of mobile

macrofauna using a large scale field survey in Atlantic Canada.

4.2. Methods

4.2.1. Study Sites

Our sites were located within 12 estuaries across the Provinces of New Brunswick
(NB) and Prince Edward Island (PEI), Canada, and sampled from 27 July to 08 August
2007 (Fig. 4-1). All estuaries were sheltered from oceanic waves and contained soft
sediment substrate dominated by monospecific beds of eelgrass as the main structuring
vegetation. Sites were chosen based on the severity of land-based human activities con-
tributing nitrogen to the estuary (Lotze et al. 2003; Coll et al. 2011), nutrient concentra-

tions in PEI rivers (M. van Heuvel, unpublished data) and then confirmed by % nitrogen
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concentrations in eelgrass tissue (Schmidt et al. 2012). For more details on the physical

conditions of the study sites see Table 3-1.

4.2.2. Sampling Design

At each site, one 50 x 4 m transect was laid parallel to the shore inside the eelgrass
bed >10 m from the vegetation-bare substrate interface. Sampling depth at high tide
ranged from 0.3-1.5 m (Schmidt et al. 2012). Highly mobile and pelagic species (hereaf-
ter mobile and pelagic fauna) were censused by the same observer swimming along tran-
sects (~0.08 m s™) during the day- and night-time high tides to capture diurnal patterns in
species abundance and size. We used the recommended transect size for underwater vis-
ual censuses of coral reefs (Mapstone & Ayling 1998). The abundance of mobile benthic
species (hereafter benthic fauna) and percent cover of sessile benthic and epiphytic fauna
(hereafter sessile fauna) were assessed during the day-time high tide by the same observer
using eleven quadrats (0.5 x 0.5 m, with 0.25 m subsections identified with colored tape)
placed every 5 m along the transect. The percent cover measures were estimated to the
nearest 2% using the colored tape as a guide. For epiphytic fauna, we considered both
sides of all the eelgrass blades in the quadrat as habitable space and as such 100% cover
would mean that both sides of all of the blades in the quadrat were covered with epi-
phytes. We estimated the percent cover of each species on the collective, not each indi-
vidual blade. Infauna were sampled using a sediment core (0.2 m diameter; 0.2 m deep)
in 3 quadrats (at 0, 25, and 50 m) along the transect line. Core samples were processed in
the field using a 0.5 um sieve. All organisms were identified to the lowest possible taxon
in the field where possible or kept on ice to be identified in the laboratory when the or-

ganisms needed further examination under a microscope.

4.2.3. Community Structure and Habitat Use

The objective of our study was to evaluate the effects of eutrophication on the mobile
and sessile faunal community associated with eelgrass beds and the habitat usage of adult
and juvenile fishes and large decapod crustaceans. To separate juveniles from adults, we
estimated individual total length of fishes and carapace width of decapods using a 15 cm

scale bar with 1 cm graduations and used published age at maturity data (Table 4-1) to
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group species into their respective adult and juvenile categories. Where species-specific
data were not available for our region, we used the minimum reported total length at ma-
turity for the closest region for the same or a related species (same genus or family if nec-
essary) with a similar maximum size. To examine general patterns in the faunal assem-
blage we also classified species into functional groups: large and small demersal and
small pelagic for highly mobile fishes censused using transects and herbivores, detri-
tivores, filter feeders and predators for the quadrat fauna and infauna as well as filter

feeders for sessile fauna.

4.2.4. Statistical Analysis

We used fully crossed two-factorial multivariate permutational analysis of variance
(PERMANOVA) with a fixed province (two levels; NB, PEI) and eutrophication (two
levels; L, H) factor to separately assess the overall community composition (pres-
ence/absence across all faunal groups) and functional group abundance and species com-
position for each component of the community (quadrat fauna, sessile fauna and infauna)
as well as the adult and juvenile fishes and decapods. A fixed time of day factor (2 levels:
Day, Night) was added to assess diurnal differences in the mobile and pelagic fauna. To
examine habitat usage by adult and juvenile fishes and large decapods crustaceans across
the levels of eutrophication and region, we added a fixed lifestage factor (2 levels: Adult,
Juvenile) and focused our interpretations on the 2- and 3-way interactions. We used the
zero-adjusted Bray-Curtis similarity matrix of the dispersion weighted functional group
and species composition for the benthic fauna, sessile fauna and infauna to dampen the
fluctuations of the metric for near-blank samples in an analogous way to the addition of a
constant to the log transformation (Clarke and Gorley 2006). Dispersion weighting down-
weights the influence of the numerically dominant, spatially clustered species on the
similarity coefficients by dividing the abundance of each species by their variance to
mean ratio calculated from replicate quadrats within a site and then averaged across sites
(Clarke and Gorley 2006). Since there was no replication at the transect level, species
abundance data were square-root transformed to down-weight the influence of highly

abundant species and allow the rare species to influence the resemblance. Where differ-
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ences were significant we followed up with protected univariate PERMANOVA for each

functional group and post hoc t-tests.

For differences in species composition, we used cluster analysis within each province
and similarity percentages (SIMPER) analysis to identify the species that consistently
contributed to the differences for benthic fauna, sessile fauna and infauna, separately
(Clarke and Warwick 2001). Species identified by SIMPER were examined individually
using univariate PERMANOVA and post hoc t-tests and then grouped for presentation
(e.g. small pelagics in Fig. 4-2). No corrections for multiple comparisons were made to
the post hoc t-tests because the permutation p-values provide an exact test of each indi-
vidual null hypothesis whereas experiment-wise corrections, such as Bonferroni, are in-
exact and known to be overly conservative (Anderson et al. 2008a). In addition, more
than 30% of the comparisons had significant results indicating that they are less likely to
be because of random chance. PERMANOVA also estimates the components of variation
as sums of squared fixed effects and were used to determine the relative importance of
different terms in the model in explaining the overall variance when no significant effects

were detected (Anderson et al. 2008a).

To examine changes in overall species richness and total abundance (m™ or % cover),
we used univariate PERMANOVA on the Euclidean distance matrix of species richness
of the entire community (presence/absence) as well as zero-adjusted Bray-Curtis similar-
ity matrix of the square root transformed data of each assemblage component (mobile and
pelagic, benthic, sessile, infauna). Finally, we used rarefaction curves to examine struc-
tural changes in each community component across the eutrophication levels because
they are better at teasing out the changes than the Shannon diversity index when the

number of species and individuals is low (Pearson and Rosenberg 1978).

4.3. Results

4.3.1. Diurnal Patterns in Mobile and Pelagic Fauna

Multivariate 3-factor PERMANOVA (province, eutrophication, time of day) did not

detect a significant effect of any factor (p > 0.20) on the assemblage of mobile and pe-
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lagic fauna. Therefore, we averaged the data collected at the different times of day at each
site for the analysis of community structure. Nevertheless, some species were only ob-
served during the day (4losa pseudoharengus, Aurelia aurita, Tautogolabrus adspersus,
Urosalpinx cinerea) or at night (Cerebratulus lacteus, Clupea harengus harengus,
Pseudopleuronectes americanus). Some fish species were more frequently observed at
night (Anguilla rostrata, Gasterosteus aculeatus) or during the day (Menidia menidia)

while Syngnathus fuscus had a similar abundance at both times of day.

4.3.2. Overall Community Structure

We observed a total of 52 species or genera across all sites and eutrophication levels
(Table 4-2). Of these, ten were exclusively found at low and twelve at highly eutrophied
sites. Eighteen species were only observed at sites in Prince Edward Island (PEI), while
six were exclusively in New Brunswick (NB; Table 4-2). The overall community compo-
sition and species richness based on the presence/absence of the entire assemblage dif-
fered between provinces (PERMANOVA: pseudo-F5 =2.7, p = 0.013; pseudo-F)g
=18.0, p = 0.005, respectively) whereby richness was significantly higher in PEI (mean
+ SE: 21 £+ 1.1) than NB (13.2 £ 1.6) but there was no difference across levels of eutro-

phication nor was there an interaction (p > 0.11).

4.3.3. Mobile and Pelagic Fauna

The mobile and pelagic fauna consisted mostly of fishes (Fig. 4-2) as well as two
species of jellyfish (Cyanea capillata, Aurelia aurita), the oyster drill Urosalpinx cinerea
and the large nemertean Cerebratulus lacteus (Table 4-2). We found no significant ef-
fects of province or eutrophication on the composition of the mobile and pelagic fauna or
their total abundance (PERMANOVA: p > 0.09), nor was there an effect when aggre-
gated into individual functional groups (p > 0.17) likely due to low abundances and high
variability (Fig. 4-2). However, there was a tendency for an increase in total abundance
with eutrophication, driven by increases in small demersal (mainly threespine stickleback
Gasterosteus aculeatus) and small pelagic fishes (mainly Atlantic silverside Menidia.
menidia) (Fig. 4-2). In contrast, Atlantic herring Clupea harengus harengus and winter

flounder Pseudopleuronectes americanus only occurred at low sites. Rarefaction analysis
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showed that overall species richness was greater under low than high eutrophication con-

ditions (Fig. 4-3).

4.3.4. Benthic Fauna

The benthic fauna consisted mainly of invertebrates, including gastropods, crusta-
ceans, echinoderms and bivalves (Fig. 4-4), as well as two small fish (Table 4-2). We de-
tected a significant block by eutrophication interaction in total abundance as well as func-
tional group and species composition (Table 4-3). Total abundance increased with eutro-
phication in both provinces (Post Hoc: p < 0.05) but the increase in NB was greater than
in PEI (Fig. 4-4). In addition, total abundance was significantly higher in PEI than NB in
both the low and high levels of eutrophication (p = 0.001). Rarefaction showed consis-
tently greater species richness under low than high eutrophication (Fig. 4-3). Overall, de-
tritivores were more abundant in PEI than in NB (p < 0.021) and increased with eutrophi-
cation in PEI (p = 0.001) but not in NB (p = 0.59; Fig. 4-4). As a group filter feeders did
not show any significant differences in abundance across provinces or levels of eutrophi-
cation (Table 4-3; Fig. 4-4). Predators on the other hand were significantly more abun-
dant in PEI than NB and herbivores were more abundant under high levels of eutrophica-
tion (Table 4-3; Fig. 4-4). Cluster analysis of species abundance clearly showed distinct
groupings with eutrophication in both provinces with minor overlap (data not shown),
which was reflected in the highly significant difference (p = 0.001) in the assemblages
between levels of eutrophication in both provinces. In addition, the assemblages present

under each level of eutrophication were different between provinces (p = 0.001).

SIMPER analysis identified the species in Table 4-4 as consistently contributing to
the differences between either levels of eutrophication or provinces. Among gastropods,
the mud whelk Nassarius obsoletus declined with eutrophication in NB and increased in
PEI (Fig. 4-4) although these effects were not statistically significant (Table 4-4). Both
periwinkle species Littorina saxatillis and L. littorea declined with eutrophication, which
was stronger in NB than PEI (p < 0.041). In contrast, the horn snail Bittiolum alternatum
increased with eutrophication in NB (p < 0.008) but showed no significant difference
across levels in PEI (p > 0.19; Fig. 4-4). Among crustaceans, isopods were most abundant

under low levels of eutrophication in both provinces (p < 0.013, Fig. 4-4) but higher in
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NB than PEI under eutrophied conditions (p = 0.001). Similarly, the sand shrimp Cran-
gon septemspinosa declined with increasing eutrophication in both provinces (p < 0.035)
but was more abundant in PEI than NB under low levels (p = 0.005; Fig. 4-4). There was
an increase in both the hermit crab Pagurus acadiensis and mysid shrimp Mysis stenole-
pis with eutrophication in NB, which was only statistically significant for the hermit crab
(Table 4-4), and both species were absent under highly eutrophied conditions in PEI (p <
0.003; Fig. 4-4). Among predators, there was a significantly higher number of Forbes
seastar Asterias forbesii in PEI but no effect of eutrophication (Table 4-4) despite the ap-
parent decline with eutrophication in PEI (Fig. 4-4). The fourspine stickleback Apeltes
quadracus was more abundant in PEI and under highly eutrophied conditions (Table 4-4;
Fig. 4-4) and the mummichog Fundulus heteroclitus also increased with eutrophication in
PEI (»p = 0.007). Finally, the American oyster Crassostrea virginica was significantly
more abundant under eutrophic conditions in NB (p = 0.047) while it declined with eu-

trophication in PEI (Fig. 4-4).

4.3.5. Sessile Fauna

The sessile benthic and epiphytic fauna were all filter feeders and consisted of
sponges, tunicates, hydroids and bryozoans (Fig. 4-5; Table 4-2). There was no effect of
eutrophication on total sessile fauna abundance but it was significantly greater in PEI
than NB (Table 4-5; Fig. 4-5). Mean rarefaction showed consistently higher species rich-
ness under eutrophic conditions but there was large variability and the error bars of both
curves overlapped (Fig. 4-3). There was a significant interaction between province and
eutrophication on sessile species composition (Table 4-5; Fig. 4-5). Because sessile fauna
were almost completely absent in NB there was no difference in the assemblage across
levels of eutrophication (Post Hoc: p = 0.059) and it was different from PEI (p = 0.001),
where the assemblage differed across levels of eutrophication (p = 0.001; Fig. 4-5). These
findings were supported by cluster analysis; however, the dendograms are not shown due
to low abundances in NB. The hydroid Sertularia pumila was only observed under low
conditions in PEI (p = 0.003), whereas the sponge Cliona celata only at high levels in NB
(Fig. 4-5, Table 4-5). The tunicate Botryllus schlosseri (p = 0.065) and bryozoans Electra
pilosa (p = 0.001) and Tegella unicornis (p = 0.12) were only at highly eutrophied sites in
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PEI (Fig. 4-5). There was also a significant decline in the epiphytic sponge Amphilectus
lobatus (p = 0.004) mirrored by an increase in other hydroid species (Table 4-5; Fig. 4-5).

4.3.6. Infauna

The infauna consisted mostly of bivalves, amphipods and polychaetes (Fig. 4-6; Ta-
ble 4-2). There was no significant effect of province or eutrophication on the total infauna
abundance (Table 4-6) despite the increasing trend with eutrophication in Figure 4-6.
Rarefaction revealed no difference in richness between levels of eutrophication (Fig. 4-3)
likely due to the low sample size and high variability. There was also no effect on func-
tional group composition (Table 4-6), likely because of the variable responses of the spe-
cies within a group but also between groups (Fig. 4-6). However, detritivores were sig-
nificantly more abundant in PEI than NB and filter feeders significantly increased with
eutrophication in both provinces, whereas predators and herbivores showed no significant
effects (Table 4-6; Fig. 4-6). In addition, we found a significant difference in the species
composition between provinces and eutrophication (Table 4-6) which was reflected in the
distinct low and high groupings in the cluster dendogram of each province (data not
shown). SIMPER identified all of the species in Figure 4-6 as consistently contributing to
differences between provinces or eutrophication levels. Bivalves (other bivalves) and
predatory polychaetes of the genus Glycera significantly increased in abundance with eu-
trophication (Table 4-6). Although the results were not significant, the bivalve Petricola
pholadiformis and amphipods also increased with eutrophication, which was the factor
that explained the most variation (Table 4-6; Fig. 4-6). The only infaunal gastropod that
was collected declined as eutrophication increased as did the deposit feeding bamboo
worm Clymnella torquata. In addition both C. forquata and the predatory polychaetes of
the genus Nereis were both more abundant in PEI than NB (Table 4-6; Fig. 4-6).

4.3.7. Juvenile Versus Adult Habitat Usage

A total of twelve fish and large decapod crustacean species were observed as either
adult or juvenile life stages in eelgrass beds in NB and PEI. Eight fish species were iden-
tified along transects; however, there was no significant effect of province or eutrophica-

tion level on the adult and juvenile abundance of these mobile and pelagic species
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(PERMANOVA, p > 0.33), which are therefore not shown in the figures. Only four ben-
thic fauna species were observed in either adult or juvenile lifestages, two fishes and two
large decapod crustaceans (Fig. 4-7). Overall, there was a significant interaction between
province and eutrophication levels for both adults and juveniles (Table 4-7). Adults in-
creased in abundance with eutrophication driven by the significant increase in the mud
crab Dyspanopeus sayi in NB (Post hoc: p = 0.024), which was also much more abundant
in NB than in PEI (p = 0.033; Fig. 4-7). There was also an increase in the fourspine stick-
leback Apeltes quadracus and mummichog Fundulus heteroclitus and decline in rock
crab Cancer irroratus in PEI (Fig. 4-7) but none of these effects were statistically signifi-
cant (Table 4-7). For juveniles, SIMPER identified the two fishes as consistently contrib-
uting to the differences between provinces or eutrophication levels. The fourspine stick-
leback A. quadracus significantly increased in abundance in both provinces with eutro-
phication and was six times more abundant in PEI (Table 4-7; Fig. 4-7). The mummichog
F. heteroclitus was only observed in PEI (p = 0.011) and increased in abundance by eight
times from low to high levels of eutrophication but variability precluded a significant re-

sult (p = 0.062).

To directly compare the habitat usage of adults and juveniles for the four benthic
fauna species we focussed on the significant 2- and 3-way interactions between lifestage
and eutrophication and province. Overall, there was a significant effect of all factors and
their interactions (multivariate PERMANOVA: p < 0.005) on species composition with
the exception of the 3-way interaction (p = 0.069). Similarly, at the species level, there
was a significant interaction between lifestage and eutrophication (unvariate PER-
MANOVA: pseudo-Fi3s6 = 3.95, p = 0.047; pseudo-F25¢ = 4.27, p = 0.026, respec-
tively) and lifestage and province (pseudo-F) 256 = 3.95, p = 0.047; pseudo-F 256 = 7.32,
p = 0.005) but no 3-way interaction (p > 0.15) on the abundance of both the fourspine
stickleback and mummichog, respectively. There were more juveniles than adults of both
species in PEI (Post Hoc: p < 0.004) and no difference in NB (p > 0.05; Fig. 4-7). Juve-
niles were also more abundant at highly eutrophied sites (p < 0.026) relative to low sites
where they were more abundant than adults (p < 0.022), while adult abundance was not
significantly affected by eutrophication (p > 0.70). There was no effect of any factor on
the abundance of adult and juvenile rock crabs C. irroratus (univariate PERMANOVA: p
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> 0.108) whereas the significant 3-way interaction (pseudo-F) 256 = 6.10, p = 0.003) best
explained the complete absence of juvenile mud crabs and the presence of adults only at

highly eutrophied sites in NB (Post Hoc: p = 0.027; Fig. 4-7).

4.4. Discussion

Our large-scale field surveys of eelgrass beds clearly show changes in the faunal
community with eutrophication that differ between provinces. This is consistent with the
differential response of the primary producer assemblage (Schmidt et al. 2012) that would
influence the faunal community in terms of food and habitat availability and is summa-
rised in Figure 4-8. Both provinces experienced a significant increase in phytoplankton
abundance but New Brunswick saw an increase in the filamentous epiphytic macroalgae
Ulothrix speciosa,whereas in Prince Edward Island there was an increase in the mat-
forming benthic macroalgae Ulva lactuca (Schmidt et al. 2012). The higher algal abun-
dance increases the flux of organic matter to the bottom thereby providing more food for
filter feeders, herbivores and deposit feeders as well as refuge in the algal mats (Pearson
and Rosenberg 1978; Raffaelli et al. 1998; Christie et al. 2009). However, these benefits
can be quickly outweighed by the negative consequences of the increase in oxygen de-
mand and hydrogen sulphide resulting from organic matter decomposition (Diaz and
Rosenberg 1995; Raffaelli et al. 1998; Gray et al. 2002). Although we did not measure
water and sediment chemistry, a decrease in oxygen and increase in sulphides was evi-
dent in the increasing sulfide smell with eutrophication in both provinces. This coupled
with the decline in below ground eelgrass biomass and tissue bleaching in Prince Edward
Island are all indicative of a hostile chemical environment in both the sediments and wa-
ter column (Schmidt et al. 2012). In addition, lower oxygen concentrations have been
documented in Ulva lactuca mats relative to eelgrass during the daytime in late summer,
which likely led to night time hypoxic events in Prince Edward Island (Schein et al.
2012). However, more direct assessment of the physico-chemical environment is neces-
sary to identify the causes of change and the mechanisms that may be driving the differ-

ences between provinces.
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4.4.1. Primary Consumers

The increase in phytoplankton is likely what stimulated the increase in epiphytic fil-
ter feeders like the bryozoans and hydroids as well as small infaunal bivalves at eutro-
phied sites in both provinces and the American oyster Crassostrea virginica in New
Brunswick. Such a general increase in filter feeders with eutrophication has also been ob-
served on rocky shores (Worm and Lotze 2006). Whereas the increase in the small gas-
tropod Bittiolum alternatum and amphipods is likely due to the increase in opportunistic
algae such as Ulothrix speciosa in New Brunswick and Ulva lactuca in Prince Edward
Island. Both B. alternatum and amphipods have been shown to have a positive associa-
tion with finely branched algae (Schneider and Mann 1991) and epifaunal amphipods are
known to reach high densities in the presence of macroalgal mats because they provide a
food source and refuge from predation (Price and Hylleberg 1982; Hodder 1986; Norkko
et al. 2000). Schein et al. (2012) also observed higher densities of gammarid amphipods
in mats of Ulva lactuca relative to eelgrass. Amphipods were also among the remaining
invertebrates at highly eutrophied sites in Waquoit Bay (Valiela et al. 1992). According
to Pearson and Rosenberg (1978) the increase in infaunal filter feeders is indicative of
intermediate enrichment since they can take advantage of the increased food availability
and are able to withstand lower oxygen and higher sulphide concentrations (Cardoso et
al. 2004). Filter feeders epiphytic on eelgrass, such as bryozoans, hydroids and tunicates,
are also tolerant to periods of anoxia: they are known to occur on intertidal algae
(Williams 1996) and are raised above the sediment-water interface where chemical gradi-
ents are steepest (Raffaelli et al. 1998; Gray et al. 2002). The decrease in abundance of
the epiphytic sponge Amphilectus lobatus and disappearance of the hydroid Sertularia
pumila on eelgrass with eutrophication despite the increase in food availability indicates
their sensitivity to the adverse chemical conditions at the eutrophied sites in Prince Ed-

ward Island (Fig. 4-8).

Both littorinid snail species and the only infaunal gastropod decreased in abundance
with increasing eutrophication. This is surprising since Littorina littorea is known to
graze on eelgrass periphyton (Hootsmans and Vermaat 1985). Also, Littorina littorea has
a dietary preference for Ulva lactuca (Watson and Norton 1985) and has been previously

observed at high densities in macroalgal mats (Hodder 1986). Although molluscs are
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known to have a high tolerance for hypoxia (Pearson and Rosenberg 1978; Gray et al.
2002), an increase in hydrogen sulphide can decrease tolerance for low oxygen conditions
(Gray et al. 2002) and may have stimulated the snails to migrate away, despite the in-
crease in food availability. Isopods also declined with increasing eutrophication which
was more pronounced in Prince Edward Island. Isopods are omnivores but have a prefer-
ence for filamentous algae (Orav-Kotta and Kotta 2004) and are also more sensitive to
hypoxia and hydrogen sulphide than molluscs (Gray et al. 2002), which is likely why the
decline was not as severe in New Brunswick. In addition, the thinning of the eelgrass
canopy with eutrophication would increase the distance between blades and may have
increased the vulnerability of isopods to predation (Orav-Kotta and Kotta 2004). As such,
the increase in small predatory fishes in both provinces may have contributed to the iso-
pod decline (Tober et al. 2000), especially in Prince Edward Island where their dorsoven-
trally flattened shape is not as well adapted to take refuge in the alternative algal mat

habitat relative to the thin eelgrass blades (Orav-Kotta and Kotta 2004).

4.4.2. Deposit Feeders and Higher Order Consumers

The mud snail Nassrius obsoletus is primarily a deposit feeder feeding on organic de-
tritus and benthic microalgae but it will on occasion scavenge dead organisms (Scheltema
1964). Interestingly, the mud snail decreased in abundance in New Brunswick despite the
increase in organic matter from settling phytoplankton which was likely due to the con-
comitant increase in hermit crabs, which are known gastropod predators (Hazlett 1981).
The mud snail increased in Prince Edward Island which may be linked to the increase in
algal detritus and the absence of predatory hermit crabs. Interestingly, there was no
change in the abundance of polychaetes with eutrophication or between provinces, but the
composition of the assemblage did differ with a decrease in the abundance of more sensi-
tive species (e.g. Eteone spp.) and an increase in more tolerant predators (e.g. Nereis
spp.) (Pearson and Rosenberg 1978), possibly fuelled by the increase in infaunal bivalves.
The decline in the deposit feeding bamboo worm C. torquata in both provinces is con-
trary to previous studies that found that increased organic enrichment favours deposit
feeders (Bachelet et al. 2000; Cardoso et al. 2004). However, these studies exhibited se-

vere cases of organic enrichment with complete loss of seagrass from the study sites,
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which contrasts with our study and supports the conclusion that our sites are experiencing
intermediate levels of eutrophication. Sediment hypoxia and increasing hydrogen sul-
phide are known to restrict infauna to the upper few centimetres of sediment and to cause
infauna to stretch their tubes further above the sediment surface to reach higher into the
microgradients of oxygen, making them more vulnerable to predation (Diaz and
Rosenberg 1995; Rosenberg et al. 2001; Sagasti et al. 2001). The disappearance of the
bamboo worm at highly eutrophied sites in New Brunswick is likely due to the increase
in predation pressure from the higher abundances of mud (Dyspanopeus sayi) and rock
(Cancer irroratus) crabs (Stehlik 1993; Sagasti et al. 2001). Both crab species also prey
on infaunal bivalves, gastropods, small crustaceans and polychaete worms, many of
which have increased in abundance in response to higher nutrient loading in New Bruns-
wick. However, crustaceans are more sensitive to hypoxia than polychaetes and molluscs
(Sagasti et al. 2001), which would explain their near absence and thus the presence of
bamboo worms at highly eutrophied sites in Prince Edward Island. The sensitivity of
crustaceans to hypoxia may have also caused the decline in the sand shrimp Crangon sep-
temspinosa despite the increase in their primary food source, organic debris of plant ori-
gin as well as infaunal bivalves on which they are also known to prey (Wilcox and
Jeffries 1974). Overall, the decrease in crustaceans at the highly eutrophied sites in Prince
Edward Island is consistent with the effects of increased hypoxia and anoxia (Pihl et al.

1991; Diaz and Rosenberg 1995; Fox et al. 2009).

We found that the eutrophied sites that had an abundance of filamentous epiphytic or
benthic mat-forming algae in addition to the remnant eelgrass canopy to be more suitable
habitat for the adults and juveniles of small sized fishes and crustaceans than simply an
eelgrass canopy. Schein et al. (2012) also found that areas dominated by Ulva lactuca had
a higher number of adults and juveniles of the mummichog Fundulus heteroclitus and
juveniles of the threespine stickleback Gasterosteus aculeatus in the late summer indicat-
ing that, although they spawn in eelgrass habitats early in the summer, the juveniles mi-
grate into the sea lettuce habitat after hatching. The increases in the Atlantic silverside
Menidia menidia, sticklebacks G. aculeatus and Apeltes quadracus, and mummichog F.
heteroclitus are likely related to the increase in both prey and shelter from predation.

Amphipods were found to be the largest component of the diet of F. heteroclitus (Schein
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2009) and 4. quadracus (Lubbers et al. 1990), which increased along with other diet
items such as snails and bivalves. Both M. menidia and F. heteroclitus were the most
abundant fish in Waquoit Bay (Tober et al. 2000) and, as in our study, mummichog
abundance increased with nutrient loading. In contrast, the Atlantic silverside was ubiqui-
tous which may be linked to the homogeneous distribution of their primary prey, zoo-
plankton (Tober et al. 2000). However, in Atlantic Canada the diet of M. menidia is
dominated by amphipods as well as the sand shrimp Crangon septemspinosa and poly-
chaetes (Gilmurray and Daborn 1981), which likely contributed to their increase at eutro-

phied sites.

The increased habitat complexity created by the filamentous eelgrass epiphytes and
the folding habit of the sheets of sea lettuce at the eutrophied sites may have decreased
the predation efficiency of crustaceans, fishes and birds (Sogard and Able 1991b;
Isaksson et al. 1994; Raffaelli et al. 1998), thereby providing a refuge, which combined
with increased food availability, allowed some benthic invertebrates and small fishes to
increase in abundance. In addition, these highly mobile predators are capable of migrat-
ing away from adverse conditions or moving higher in the water column to escape a hos-
tile chemical environment, thereby allowing them to take advantage of the abundant food
and shelter resources until it becomes metabolically too costly (Pihl et al. 1991; Raffaelli
et al. 1998). However, these algal refugia are highly seasonal and contribute large
amounts of organic material and nutrients to the sediment creating a negative feedback

which further degrades the physico-chemical environment (Raffaelli et al. 1998).

4.4.3. Community Structure

In contrast to previous studies (Dolbeth et al. 2003; Cardoso et al. 2004; Schein et al.
2012), the overall abundance of fishes, mobile and sessile invertebrates and infauna in-
creased with eutrophication at our study sites. However, the species richness of the mo-
bile and pelagic and benthic fauna decreased, highlighting the loss of sensitive species,
which is consistent with previous studies (Hughes et al. 2002; Schein et al. 2012). Yet,
unlike previous works (Bachelet et al. 2000; Cardoso et al. 2004), we found no change in
the richness of the sessile fauna and infauna, although we did use larger taxonomic

groupings for the infauna that may have masked changes in species richness. We note
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that in all studies that documented declines in abundance and richness, seagrass was lost
at the most affected sites, indicating that they were likely more eutrophied than our high
sites that still had an eelgrass canopy (Schmidt et al. 2012). Furthermore, the loss of sea-
grasses would mean the decline or disappearance of invertebrates associated with the
shoots and leaves, such as sessile epiphytes and isopods (Deegan et al. 2002), as well as
eliminate any of the benefits of the roots and rhizomes, such as protection from predation
and oxygenation to the infauna (Borum et al. 2006; Heck and Orth 2006). Overall, the
more severe declines in abundance and richness shown at more eutrophied sites may

serve as a guide of what may happen in Atlantic Canada if eutrophication continues.

Overall, we observed an increase in the prevalence of herbivory which was driven by
the large increases in herbivorous snails, amphipods and filter feeders. Despite their in-
crease in abundance, grazers were not able to control the blooms of opportunistic algae.
This suggests that grazers cannot keep up with increasing algal productivity, as shown in
laboratory and field studies (Lotze and Worm 2002; Worm and Lotze 2006), or a possible
trophic cascade driven by the increase in small predatory fishes following the decline of
larger predatory fishes (Jackson et al. 2001; Heck and Orth 2006; Moksnes et al. 2008).
Many large species, like Atlantic cod Gadus morhua and American eel Anguilla rostrata
are known to use eelgrass beds as nurseries and foraging grounds (Sogard and Able
1991b; Tupper and Boutilier 1995; Gillanders 2006), but these species were rare to absent
during our study. Overall, the species and functional group composition of the faunal as-
semblage changed with eutrophication, which has led to the degradation and simplifica-
tion of eelgrass food webs in the region making them less resilient and more vulnerable to

further species extinctions (Coll et al. 2011).

4.5. Conclusions

Our research clearly shows a shift in the faunal assemblage that is linked to the dif-
ferent foraging and sheltering opportunities resulting from changes in primary producers
as well as tolerance of a more hostile chemical environment with less oxygen and more
hydrogen sulphide (Fig. 4-8). The predicted increase in nutrient loading to coastal waters

with further human population growth (Millennium Ecosystem Assessment 2005) will
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only exacerbate these changes and eventually lead to a species depauperate habitat with
degraded ecosystem functions and services as observed in highly eutrophied estuaries
around the world (Lotze et al. 2006; Hughes et al. 2009; Waycott et al. 2009). Recovery
from such a degraded state is possible, as seen in the Mondego Estuary, Portugal and
Tampa Bay, Florida (Waycott et al. 2009). However, it is a long, labour intensive and
costly process to re-establish eelgrass beds once they have disappeared (Fishman et al.
2004), which requires system-wide management strategies and the removal of key stress-
ors (Walker et al. 2006; Lotze et al. 2011). Although eelgrass is not officially protected in
Canada, it has been listed as an ecologically significant species (Fisheries and Oceans
Canada 2009) which is a step in the right direction. However, since we still have existing
eelgrass beds in what are considered some of the most eutrophied sites in Atlantic Can-
ada, we should already be looking to invest in a management strategy to conserve exist-
ing eelgrass beds and their associated services rather than travelling the more ecologically

and economically costly path of trying to re-establish them once they have been lost.
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Table 4-1. Minimum length at maturity data for species observed in eelgrass beds in
Atlantic Canada. If data on an observed species was not available, we used a closely
related species (source species) instead.

Species Source species Size (cm) Source

Alosa pseudoharengus 25 Scott and Scott (1988)

Anguilla rostrata 35.5 Fishbase

Apeltes quadracus 33 Scott and Scott (1988)

Clupea harengus harengus 24.5 Scott and Scott (1988)

Gasterosteus aculeatus 3.6 Fishbase

Fundulus heteroclitus 3.5 Fishbase

Menidia menidia 7.8 Scott and Scott (1988)

Pseudopleuronectes ameri- 25

canus Fishbase

Syngnathus fuscus S. rostellatus 10 Fishbase

Cancer irroratus 5 Fisheries and Oceans
Canada (2000a)

Dyspanopeus sayi 0.8 Swartz (1978)

Fishbase: A global information system on fishes www.fishbase.org
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Table 4-2. Species presence (+) or absence (blank), their common name and functional
group (FG) in eelgrass beds experiencing low (L) and high (H) levels of eutrophication in
the provinces of New Brunswick (NB) and Prince Edward Island (PEI) in Atlantic
Canada. P = predator, H = herbivore, D = detritivore, F = filter feeder. Data are separated
into assemblage components (mobile and pelagic, benthic, sessile and infauna).

NB PEI
Species Common Name FG L H L H
Mobile and pelagic fauna
Alosa pseudoharengus Alewife P +
Anguilla rostrata American eel P+ + +
Aurelia aurita Moon jelly P +
Cerebratulus lacteus Milky ribbon worm P +
Clupea harengus harengus Atlantic herring P +
Cyanea capillata Lion’s mane jelly P + + +
Gasterosteus aculeatus Threespine stickleback P+ + +  +
Menidia menidia Atlantic silverside P + + + +
Pseudopleuronectes americanus Winter flounder P +
Syngnathus fuscus Northern pipefish P + +
Tautogolabrus adspersus Cunner P +
Urosalpinx cinerea American oyster drill P +
Benthic fauna
Apeltes quadracus Fourspine stickleback P+ + + +
Asterias forbesii Forbes seastar P+ + +
Asterias vulgaris Northern seastar P + +
Bittiolum alternatum Horn snail H + + + +
Cancer irroratus Rock crab P+ +
Crangon septemspinosa Sand shrimp D + + + +
Crassostrea virginica American oyster F + + +
Dyspanopeus sayi Mud crab D + +
Fundulus heteroclitus Mummichog P + + +
Idotea sp. Isopod H + + + +
Littorina littorea Common periwinkle H + +
Littorina saxatillis Rough periwinkle H + + + +
Mysis stenolepis Mysid shrimp H + + +
Mbytilus sp. Mussel H +
Nassarius obsoletus Mud whelk D + + + +
Pagurus acadiensis Acadian hermit crab D + + +
Palaemonetes sp. Grass shrimp H + +
Predatory polychaete Bristle worm P +
Turbonilla sp. Pyramid shell H +
Sessile Fauna
Amphilectus lobatus Egg sponge F + o+
Botryllus schlosseri Gold star tunicate F +
Cliona celata Red boring sponge F + +
Electra pilosa Hairy sea mat F +
Halichondria panicea Breadcrumb sponge F +
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NB PEI

Species Common Name FG L H L H
Microciona prolifera Red beard spronge F + +
Other Hydroids Hydroids F + + +
Sertularia pumila Garland hydroid F +
Tegella unicornus Lacy crust bryozoan F +
Infauna

Amphipod Scuds H + +
Clymenella torquata Bamboo worm D + + +
Deposit feeding polychaetes Bristle worms D + +
Ensis directus Atlantic jackknife clam F +
Eteone spp. Paddle worm D +
Gastropod Snail H + + +
Glycera spp. Bloodworm D + + + +
Nereis spp. Clam worms P + +
Petricola pholadiformis False angel wing F + +
Other bivalves Clams F + + + +
Other predatory polychaetes Bristle worms P + + + +
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Table 4-3. Univariate PERMANOVA results of the effect of province (PR) and
eutrophication (EUTRO) on the total abundance as well as the multivariate results for the
functional group (FG) and species (SPP) compostion of benthic fauna. Protected
univariate PERMANOVA on the abundance of individual functional groups are shown
below the dark line. Residual and total degrees of freedom (df) = 128 and 131,
respectively. Significant effects (p <0.05) are in bold and non-significant effects in italics
represent the term in the model that explains the most variance after the residual.

SOURCE Pr EUTRO PR X EUTRO
DF 1 1 1
Total pseudo-F 46.9 1.27 6.84
)% 0.001 0.27 0.005
Fg pseudo-F 7.72 12.4 3.0
)% 0.001 0.001 0.035
Spp pseudo-F 28.0 12.9 5.93
P 0.001 0.001 0.001
Detritivores (D) pseudo-F 3.27 6.25 9.76
)% 0.056 0.014 0.003
Filter Feeders (F)  pseudo-F 0.39 2.33 3.29
P 0.54 0.16 0.064
Predators (P) pseudo-F 37.8 0.22 0.03
P 0.001 0.76 0.97
Herbivores (H) pseudo-F 2.53 14.3 1.85
P 0.078 0.001 0.14
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Table 4-4. Protected univariate PERMANOVA results of the effect of province (PR) and
eutrophication (EUTRO) on the abundance of benthic fauna species identified by SIMPER
analysis as consistently contributing to difference between provinces or levels of
eutrophication. Residual and total degrees of freedom (df) = 128 and 131, respectively.
Significant effects (p < 0.05) are in bold and non-significant effects in italics represent the
term in the model that explains the most variance after the residual.

SOURCE Pr EUTRO PR X EUTRO
DF 1 1 1
Nassarius obsoletus (No) pseudo-F 3.12 1.69 2.32
P 0.07 0.18 0.12
Littorina saxatilis (Ls) pseudo-F 4.25 3.50 8.12
P 0.025 0.066 0.005
Littorina littorea (L) pseudo-F 4.22 11.8 4.11
P 0.04 0.001 0.024
Bittiolum alternatum (Ba) pseudo-F 41.0 16.1 4.0
P 0.001 0.001 0.03
Crangon septemspinosa (Cs)  pseudo-F 5.78 30.0 8.38
P 0.014 0.001 0.001
Idotea spp. (I) pseudo-F 2.90 33.5 3.96
P 0.072 0.001 0.028
Pagurus acadiensis (Pa) pseudo-F 9.06 9.06 11.1
P 0.002 0.002 0.001
Mysis stenolepis (Ms) pseudo-F 8.10 2.39 2.95
P 0.001 0.11 0.043
Asterias forbesii (Af) pseudo-F 31.8 0.47 0.47
P 0.001 0.52 0.54
Fundulus heteroclitus (Fh) pseudo-F 6.70 6.70 10.8
P 0.005 0.009 0.001
Apeltes quadracus (Aq) pseudo-F 6.19 4.39 1.82
P 0.012 0.03 0.17
Crassostrea virginica pseudo-F 1.72 0.97 6.87
P 0.18 0.33 0.007
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Table 4-5. Univariate PERMANOVA results of the effect of province (PR) and
eutrophication (EUTRO) on the total sessile fauna abundance as well as the multivariate
results for sessile species (SPP) composition. Protected univariate PERMANOVA on the
abundance of individual species identified by SIMPER analysis as consistently
contributing to difference between provinces or levels of eutrophication are shown below
the dark line. Residual and total degrees of freedom (df) = 128 and 131, respectively.
Significant effects (p < 0.05) are in bold and non-significant effects in italics represent the
term in the model that explains the most variance after the residual.

SOURCE Pr EUTRO PR X EUTRO
DF 1 1 1
Total pseudo-F 110.0 3.14 0.292
P 0.001 0.081 0.60
Spp pseudo-F 27.0 6.21 5.31
P 0.001 0.001 0.002
Cliona celata pseudo-F 0.50 0.50 1.66
p 0.86 0.87 0.16
Microciona prolifera pseudo-F 0.73 0.73 3.18
p 0.41 0.41 0.07
Amphilectus lobatus pseudo-F 30.0 9.82 9.82
)% 0.001 0.002 0.002
Electra pilosa pseudo-F 12.6 12.6 12.6
)% 0.001 0.001 0.001
Tegella unicornis pseudo-F 3.82 3.82 3.82
)% 0.043 0.042 0.040
Botryllus schlosseri pseudo-F 4.15 4.15 4.15
)% 0.022 0.018 0.018
Sertularia pumila pseudo-F 9.92 9.92 9.92
)% 0.001 0.001 0.001
Other hydroids pseudo-F 20.1 5.02 2.26
p 0.001 0.02 0.123
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Table 4-6. Univariate PERMANOVA results of the effect of province (PR) and
eutrophication (EUTRO) on the total infauna abundance as well as the multivariate results
for functional group (FG) and species (SPP) composition. Protected univariate
PERMANOVA on the abundance of individual species identified by SIMPER analysis as
consistently contributing to difference between provinces or levels of eutrophication are
shown below the dark line. Residual and total degrees of freedom (df) = 31 and 34,
respectively. Significant effects (p < 0.05) are in bold and non-significant effects in italics
represent the term in the model that explains the most variance after the residual.

SOURCE PR EUTRO PR X EUTRO
DF 1 1 1
Total pseudo-F 2.57 1.28 0.080
P 0.12 0.27 0.89
FG pseudo-F 2.10 2.16 0.28
P 0.081 0.086 0.92
Spp pseudo-F 3.05 4.34 0.23
P 0.008 0.001 0.97
Detritivores (D) pseudo-F 5.15 0.48 0.36
P 0.024 0.56 0.64
Filter Feeders (F) pseudo-F 0.11 4.07 0.35
P 0.90 0.039 0.68
Predators (P) pseudo-F 1.93 0.39 0.019
P 0.16 0.59 0.99
Herbivores (H) pseudo-F 0.53 0.32 0.92
P 0.64 0.84 0.41
Amphipods (A) pseudo-F 0.12 3.30 0.12
P 0.78 0.11 0.78
Gastropod (G) pseudo-F 0.78 1.35 0.96
P 0.57 0.25 0.45
Eteone spp. (E) pseudo-F 3.68 3.68 3.68
P 0.072 0.072 0.086
Glycera spp. pseudo-F 1.52 7.68 0.10
P 0.22 0.006 0.82
Clymnella torquata (Ct) pseudo-F 5.99 3.07 0.073
P 0.021 0.079 0.90
Nereis spp. (N) pseudo-F 10.2 0.65 0.65
P 0.002 0.45 0.42
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SOURCE Pr EuTrO PR X EUTRO

DF 1 1 1
Predatory polychaetes (O) pseudo-F 2.02 0.11 0.23

P 0.19 0.88 0.75
Petricola pholadiformis (Pp) pseudo-F 1.07 3.26 1.07

P 0.32 0.06 0.33
Other Bivalves (B) pseudo-F 0.13 3.54 0.42

P 0.91 0.05 0.63
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Table 4-7. Multivariate PERMANOVA results of the effect of province (PR) and
eutrophication (EUTRO) on the abundance of adult and juvenile life stages of demersal

fishes and decapod crustaceans

sampled using quadrats.

Protected univariate

PERMANOVA on the abundance of individual species identified by SIMPER analysis as
consistently contributing to difference between provinces or levels of eutrophication are
shown below the dark line. Residual and total degrees of freedom (df) = 128 and 131,
respectively. Significant effects (p < 0.05) are in bold and non-significant effects in italics
represent the term in the model that explains the most variance after the residual.

SOURCE Pr EUTRO PR X EUTRO
DF 1 1 1
Adult pseudo-F 2.24 2.09 3.02
)% 0.052 0.08 0.008
Juvenile pseudo-F 8.42 6.87 4.09
p 0.001 0.001 0.005
Adult
Apeltes quadracus pseudo-F 0.203 0.203 0.203
p 0.71 0.70 0.72
Dyspanopeus sayi pseudo-F 6.13 6.13 6.13
p 0.007 0.011 0.009
Cancer irroratus pseudo-F 0.34 0.34 3.06
p 0.60 0.63 0.14
Juvenile
Apeltes quadracus pseudo-F 6.59 6.59 2.34
p 0.011 0.01 0.13
Fundulus heteroclitus  pseudo-F 9.20 5.37 5.37
p 0.002 0.02 0.014
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Gulf of St. Lawrence

Prince Edward Island

New

Brunswick Nova Scotia

Figure 4-1. Map (a) and photos (b-d) of study sites with low (b; grey circle) and high
(c-d; black circle) levels of eutrophication in the Provinces of New Brunswick (c) and
Prince Edward Island (d) in Atlantic Canada. For more details on each site see Table 3-
1). Fauna in the photos include: hydroids and small gastropods on eelgrass blades (b), a
small gastropod among the epiphytic Ulothrix speciosa (¢) and the seastar Asterias
vulgaris on top of the thick mat of Ulva lactuca (d).
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Figure 4-2. Abundance of mobile and pelagic fauna (m2, mean +SE) at different levels
of eutrophication (L = Low; H = High). Shown is the total abundance as well as small
pelagics (Menidia menidia, Clupea harengus harengus and Alosa pseudoharengus),
large demersals (Anguilla rostrata, Pseudopleuronectes americanus and Tautogolabrus
adspersus) and small demersals (Gasterosteus aculeatus). The order of the species in
the legends corresponds to the vertical order in the bars.
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corresponds to the vertical order in the bars.
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Figure 4-4. Abundance of benthic fauna (m?2, mean +SE) broken down into functional
groups (top row, F = Filter feeders, H = Herbivores, D = Detritivores, P = Predators) and
those species identified by SIMPER analysis as consistently contributing to differences
between levels of eutrophication (Level, L = Low; H = High) for New Brunswick (NB)
and Prince Edward Island (PEI). Abbreviations for species names are shown in Table 4-4.
Numbers above bars indicate the abundance of a functional group or species that is
present but cannot be distinguished on the graph. The order of the species in the legends
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Figure 4-5. Abundance of sessile fauna (% cover, mean +SE) as total filter feeder
cover (top row) and those species identified by SIMPER analysis as consistently
contributing to differences between levels of eutrophication (L = Low; H = High) in
New Brunswick (NB) and Prince Edward Island (PEI). Species names are in Table 4-
5. The order of the species in the legends corresponds to the vertical order in the bars.
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(top panels) and those species identified by SIMPER analysis as consistently
contributing to differences between levels of eutrophication (L = Low; H = High) in

New Brunswick (NB and Prince Edward Island (PEI). Species names are in Table 4-6.
Numbers above the bars indicate the numerical abundance values for a functional group
or species that cannot be easily distinguished in the graph. The order of the species in

the legends corresponds to the vertical order in the bars.
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Figure 4-7. Adult and juvenile benthic fauna abundance (m) at low (L) and high (H)
levels of eutrophication in New Brunswick (NB) and Prince Edward Island (PEI),
Canada.
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CHAPTER 5

Ecosystem Services of Marine
Macrophytes: their Relative
Contribution to Primary Production,
Carbon and Nitrogen Storage and

Habitat Provision

5.1. Introduction

Fringing the ocean along the continental margins are estuarine and coastal ecosys-
tems such as mangroves, seagrass meadows, salt marshes and macroalgal beds that have
two things in common: they are dominated by highly productive vegetation adapted to
endure harsh environments and are among the most impacted ecosystems in the world
(Adam 2002; Alongi 2002; Duarte 2002; Steneck et al. 2002a; Lotze et al. 2006; Orth et
al. 2006; Waycott et al. 2009). Some of the most critical, tangible and impacted services
supported by these ecosystems include the support of viable fisheries, the provision of
nursery habitats for a wide range of marine species and the filtration and detoxification of
coastal waters (Worm et al. 2006). Increasingly, the importance of another service, car-
bon storage and sequestration within the vegetation and underlying sediments, also
termed “blue carbon”, is becoming more apparent (Nellemann et al. 2009; McLeod et al.
2011). Understanding the relative contribution of the different marine vegetated ecosys-
tems in providing essential habitat and other services is a key for the proper management

and protection of the coastal ocean.
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Current research into blue carbon sinks have focussed on vegetation dominating
soft-sediments, such as mangroves, seagrasses and salt marshes, because they can seques-
ter carbon over long time scales (millennial) within the underlying sediments through the
burial of non-living biomass, in addition to the short-term sequestration in their living
above- and belowground tissues (Duarte et al. 2005; Lo Iacono et al. 2008; Kennedy et al.
2010). However, there are vast tracts of rocky shorelines around the world that are domi-
nated by canopy forming perennial seaweeds, such as kelp forests and fucoid beds
(Steneck et al. 2002a; Kerswell 2006), that contribute to short-term carbon sequestration
(Reed and Brzezinski 2009; Schmidt et al. 2011). They also export on average 44% of
their production (Duarte and Cebrian 1996) to adjacent habitats where it is either con-
sumed or buried (Vetter and Dayton 1999; Krumhansl and Scheibling 2011; Kelly et al.
2012). Thus, not including macroalgae as a blue carbon sink underestimates the role of
the coastal ocean in binding, storing and even sequestering carbon and other tissue bound
nutrients. This review therefore estimates the role of macroalgae as a carbon sink and

compares it to other marine and terrestrial ecosystems on a global scale.

There is abundant research on the habitat services provided by macrophyte eco-
systems examining their role as breeding, nursery, sheltering and foraging grounds (e.g.
Rangeley and Kramer 1998; Heck et al. 2003). However, comparisons between different
ecosystem types have focussed on a specific faunal species such as Atlantic cod (Gadus
morhua; Tupper and Boutilier 1995) and cunner (Tautogolabrus adspersus; Tupper and
Boutilier 1997) or limited to a couple of habitats on a local scale (e.g. Guidetti 2000;
Lazzari and Tupper 2002). So far, a global synthesis of the relative importance of all

macrophyte ecosystems to a range of species groups has been missing.

Coastal habitats have been important to people throughout history for fishing,
harvesting other resources and being sheltered from open waters (Jackson et al. 2001;
Lotze and Milewski 2004). In turn, human activities have influenced coastal habitats and
four of the most pressing issues include overfishing, habitat alteration, pollution and cli-
mate change (Jackson et al. 2001; Lotze et al. 2006; Worm et al. 2006; Halpern et al.
2008). Historical losses of mangroves, seagrasses and salt marshes in addition to their
continued decline severely limits their ability to provide ecosystem services essential for

human well-being (Lotze et al. 2006; Waycott et al. 2009; Barbier et al. 2010; Deegan et
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al. 2012). Although there are no global estimates quantifying the decline in macoalgal
beds, losses have been reported from Australia and Tasmania (Wernberg et al. 2011) and
throughout Europe (Airoldi and Beck 2007). Predicted future changes in ocean tempera-
ture and acidity with increasing carbon dioxide emissions in addition to other pressures
(e.g. disease, eutrophication, fishing) may put marginal populations and species at risk of
further decline and potential extinction (Jackson et al. 2001; Lafferty et al. 2004;
Millennium Ecosystem Assessment 2005; Wernberg et al. 2011).

Despite increasing understanding of the importance, historical losses and current
threats to marine vegetated ecosystems, an assessment of their relative importance on a
global scale is lacking. Such an assessment, however, would be valuable for management
and conservation to set priorities and curb further losses, to identify research needs, and
to increase public awareness on the value of these coastal ecosystems. Therefore, the ob-
jective of this review is to compare the relative contribution of different vegetated habi-
tats found around the world in producing biomass, binding carbon and nitrogen and pro-
viding essential adult and juvenile habitat to a range of associated species. First, we will
provide an overview of each macrophyte dominated ecosystem, including seagrass mead-
ows, mangroves, salt marshes and macroalgal beds, evaluating their global distribution
and extent. We will then compare the carbon and nitrogen binding services by reviewing
estimates of global productivity, burial and standing stock biomass with its tissue carbon
and nitrogen content. The global carbon stock estimates will then be compared to those of
other terrestrial and marine biomes. We will also examine the habitat services of each
ecosystem by comparing habitat characteristics and how they influence the species rich-
ness and abundance of adult and juvenile marine fishes and invertebrates. To complement
our review, we will examine current and future threats to vegetated marine ecosystems, as

well as their [IUCN Red List of Threatened Species status.

5.2. Methods

For each component of Table 5-1 we used values from the most recent review papers
containing data on the extent, production, export, burial, biomass and tissue carbon and

nitrogen content. When the information was not found in the review paper, we worked
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backwards through their references as well as supplemented with literature searches for
material after the publication date of the review using Web of Science and Google
scholar. Since very little information about carbon and nitrogen storage has been re-
viewed for macroalgae, we collated the data for each component of Table 5-1 from the
published primary literature for at least 3 kelp and fucoid species in the group and took
the average. We then used the data from Table 5-1 to compare the global area and carbon
stock of coastal vegetated ecosystems with those of major terrestrial and oceanic biomes

as reported in the literature (Table 5-2).

To estimate the importance of each macrophyte ecosystem as habitat and nursery,
we searched for field studies that contained species richness, total or juvenile abundance
(mean density, total number, number per sample or catch per unit effort (CPUE)) for ma-
rine fishes, decapods and infauna inside the vegetation as well as in nearby unvegetated
areas (Table B-1). However, we limited our examination of the effect of macrophytes on
juvenile abundance to fishes because there was only one study for decapods that met our
criteria and none for infauna. We excluded any studies with experimental manipulations
unless they had both un-manipulated vegetated and unvegetated controls which we could
use. In many cases, studies only reported the total abundance or richness over the entire
study which included many sites or seasons or both. However, if they reported seasonal
patterns, diurnal patterns or data across sites, we took the average over seasons, time of
day or sites. Studies that compared collection methods were included by taking the aver-
age of the collection methods only if all methods were used in both vegetated and un-
vegetated areas. In addition, all studies needed to have concurrent sampling of the vege-
tated and adjacent unvegetated areas. We therefore excluded studies that collected data
before and after the loss or recovery of a macrophyte ecosystem. After careful selection, a
total of 75 studies were included, 66 and 73 studies reported the abundance or species
richness, respectively, of at least one species group and only 18 studies reported the

abundance of juvenile fishes.

The effect size of the presence of a macrophyte canopy was measured as the log
ratio of the abundance or species richness inside and outside of the vegetation for each
species group. We used the response ratio because it has clear biological meaning

whereby a response ratio that is significantly greater than zero indicates an enhancement
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effect of the macrophyte canopy whereas less than zero means that the canopy had a
negative effect on the abundance or species richness. Response ratios can also summarize
the effect without requiring a measure of variance (Adams et al. 1997) in addition to
showing the least bias of several meta-analytical metrics and its sampling distribution is
approximately normal (Hedges et al. 1999). Residual variation in meta-analysis is com-
posed of both within and between study variation and the contribution of each to the re-
sidual can be estimated (Hedges et al. 1999). Similar to Shurin et al. (2002) and Edwards
et al. (2010), many of our studies did not report measures of variance so we could not es-
timate the components of the residual variance nor could we use the standard error to
weight our effect sizes. Eliminating these studies would have drastically reduced our
sample size and possibly introduced bias into our data set (Englund et al. 1999). Using
unweighted estimates of the response ratio increases the Type II error rate of parametric
statistical tests (Gurevitch and Hedges 1999) so we used the sample size to construct
weights as in Adams et al. (1997). We then used two-tailed t-tests to compare weighted
and unweighted means of faunal abundance (t;3 = 0.003, p = 0.99), juvenile fish abun-
dance (ts = 0.36, p = 0.73) and faunal richness (tos = -0.63, p = 0.54) separately. We
found no significant differences and therefore use the unweighted data for our analyses.
We used t-tests to examine significant differences in the response of the abundance or
richness of the different species groups from zero. We did not statistically compare the
enhancement effect of different macrophytes because of the small sample sizes (n < 10)

in some of the ecosystems.

Finally, to examine the global and annual losses of coastal macrophyte ecosys-
tems and the loss drivers, we used values reported in Bostrom et al. (2011), modified
their Table 1 to include macroalgae and supplemented with the most recent information

with the same temporal baseline from the primary literature where needed.
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5.3. Marine Vegetated Habitats

5.3.1 Seagrasses

Seagrasses are a mixed group of angiosperms that are restricted to growing in shal-
low marine and estuarine environments where they typically form extensive beds or
meadows (Fig. 5-1a,b; Duarte 2002; Green and Short 2003). Currently, there are 72 dis-
tinct species found around the world (Short et al. 2011) that are distributed within six bio-
regions except the Southern Ocean (Short et al. 2007). The Temperate North Atlantic bio-
region has the lowest diversity with only five seagrass species and beds are typically
monospecific, whereas the Tropical Indo-Pacific has the highest diversity with 24 species
and as many as 14 species growing together in one bed (Short et al. 2007). All seagrass
species are clonal plants with an extensive system of roots and rhizomes in addition to
shoots and leaves (Kuo and Hartog 2006) that form complex three dimensional habitats

mainly in soft sediments with a few species on rocky substrates (Green and Short 2003).

Estimates of the global extent of seagrasses range from 177,000 to 600,000 km®
because of major gaps in information for regions such as South America, Africa, Indone-
sia and the Pacific archipelagos (Spalding et al. 2003; Duarte et al. 2005) in addition to
the continuing loss of seagrass area (Orth et al. 2006; Waycott et al. 2009). Interestingly,
when evaluating the global net loss of seagrass extent, the lower estimate of the total sea-
grass area was used (Waycott et al. 2009) whereas when estimating their role in the oce-
anic carbon cycle estimates of 300,000 to 600,000 km®> were used (Duarte et al. 2005;
Duarte et al. 2010; Fourqurean et al. 2012). Spalding et al. (2003) argue that the upper
estimate of 600,000 km”® is an overestimate because it is derived from productivity from
an unspecified source and that a simple model based on the depth range of seagrasses and
turbidity of coastal waters estimates a maximum area of 500,000 km”. Due to the size of
the areas with little to no information on seagrass extent and the likelihood for the exis-
tence of extensive beds in those areas (Spalding et al. 2003), we will use and report val-
ues for the intermediate estimate of 300,000 km” as reported in Duarte et al. (2005) (Ta-
ble 5-1).
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5.3.2. Mangroves

Mangrove trees and shrubs are the only woody halophytes that have forged an inter-
tidal living along tropical and subtropical coastlines worldwide (Alongi 2002). Man-
groves colonize low energy sedimentary habitats that enable them to establish their com-
plex and unique aerial root system (Fig. 5-1c). Along with other morphological and
physiological adaptations, the root system allows them to inhabit extreme conditions of
high temperatures and salinity, strong winds and anaerobic soils (Kathiresan and
Bingham 2001; Hogarth 2007). Mangrove forests are highly productive but typically less
complex and speciose compared to rainforests because they often lack understory; how-
ever, the submerged roots, trunks and branches create a complex three-dimensional ma-
rine habitat that is rich with associated flora and fauna (Kathiresan and Bingham 2001;

Alongi 2002).

There are 70 species of mangroves worldwide (Polidoro et al. 2010). However,
about 30 species dominate global mangrove communities and of these, 25 belong to only
two families, the Avicenniacea and Rhizophoracea (Hogarth 2007). Mangroves are lim-
ited in their distribution by the winter 20° isotherm, with species richness decreasing as
this threshold is approached (Hogarth 2007). The most diverse biogeographical regions
are in the Indo-Pacific (Alongi 2002). Mangrove area has been estimated since the early
1980s ranging from 124,291 to 198,818 km® (Wilkie and Fortuna 2003). The most cur-
rent estimate covers 137,760 km” with 42% found in Asia and 75% in only 15 countries
(Giri et al. 2011). Although this is the most current estimate, it represents the extent at the
turn of the century and mangroves are being lost at a rate of 2.1% per year (Valiela et al.
2001; Nellemann et al. 2009) which if held constant would mean a decrease in area of
30,974 km” over 12 years for a total area of 106,786 km® in 2012. Despite this discrep-
ancy, the most commonly used value in recent literature as the global extent of man-
groves is 160,000 km” (Bouillon et al. 2008; Bouillon et al. 2009) which is also what we
will use (Table 5-1).

5.3.3. Salt Marshes

Salt marshes are intertidal habitats that are characterized by an assemblage of herba-

ceous vascular plants (Fig. 5-1d) whose upper limit of occurrence is that of the highest
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astronomical tide and the lower limit is mean high water neap tide level (Adam 2002).
Many marshes are estuarine but they can also be found fringing any soft-sediment coast
exposed to the full range of tidal regimes from micro- to macrotidal as well as seasonal
water level fluctuations but do require relatively low wave energy (Hodgkin and
Hamilton 1998; Allen 2000; Adam 2002). Colloquially, mangroves are viewed as the
tropical equivalent of salt marshes which are predominantly found along temperate coast-
lines (Greenberg et al. 2006; Chmura 2011). However, there can be extensive salt
marshes found adjacent to mangroves and therefore have a global distribution with the
exception of Antarctica (Adam 2002). Contrary to the latitudinal patterns exhibited by
most biomes, plant species richness is lowest near the equator and increases with latitude,

peaking at high temperate latitudes (Adam 1990; Greenberg et al. 2006).

As of 2011, there was no global inventory on the extent of salt marshes (McLeod
et al. 2011) despite being easily delineated on remotely-sensed images (Adam 2002). Es-
timates of 22,000 — 45,000 km? can be found in the literature but exclude large areas such
as the Arctic or are limited to Canada, United States of America, Europe and South Af-
rica (Chmura et al. 2003; Greenberg et al. 2006). Duarte et al. (2005) used a salt marsh
area estimate of 400,000 km” from 1973 to examine the role of marine vegetation in the
carbon cycle. The original estimate of 380,000 km* from Woodwell et al. (1973) included
both marshes and mangroves. However, when we compare Figure 1 from Woodwell et al.
(1973) to Figure 16b from Nellemann et al. (2009) many of the areas where marshes are
known to occur were not included and other areas with unknown salt marsh extent (e.g.
Northern and Eastern Russia) were included in the 1973 estimate because of their crude
method. The most recent estimate by Duarte et al. (2008) puts the global extent of salt
marshes at 1,400,000 km?; however, there is no mention of how this was estimated or if it
represents current extent or maximum historical coverage. The latter is unlikely since the
areal extent of other vegetated habitats in Duarte et al. (2008) fall within the range of val-
ues reported in the Seagrasses and Mangroves sections above. Given that salt marshes are
globally distributed, we therefore use 380,000 km” from Woodwell et al. (1973) (Table
5-1).
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5.3.4. Macroalgal Beds

Globally, there are 1500 species of marine green algae and 6200 red and 1800 brown
algae, most of which are marine (Guiry 2012). By far the most conspicuous are the can-
opy forming brown algae such as rockweeds (Fucales, Fig. 5-1f) and kelps (Laminariales,
Fig. 5-1e) that form intertidal and subtidal macroalgal beds or forests along rocky tem-
perate coasts worldwide (Raffaelli and Hawkins 1996; Steneck et al. 2002a; Huovinen
and Gomez 2012). Macroalgae are also present in tropical marine systems but when oc-
curring in a healthy coral reef system they are not the main habitat providers and there-
fore have a fundamentally different role from the extensive beds found in temperate re-
gions (Megjia et al. 2012). However, this is changing as reef ecosystems are degraded by
pollution, disease outbreaks, bleaching events and overfishing which in many cases leads
to the dominance of macroalgae (Bellwood et al. 2004). In addition, the recently discov-
ered deep water kelp beds in the tropics have similar roles in providing habitat and nurs-
ery services (Graham et al. 2007a) but these services have yet to be quantified. Therefore,

deep water tropical kelp beds are only included in Tables 5-1 and 5-2.

Fucoid species dominate intertidal zones in both hemispheres as well as the shal-
low subtidal down to 25 m in the southern hemisphere (Schiel and Foster 1986; Raffaelli
and Hawkins 1996). Kelps have a low photosynthesis to biomass ratio which constrains
them to well illuminated zones which in temperate areas is <45 m with beds forming in
waters <30 m (Schiel and Foster 1986; Vadas and Steneck 1988). However, in clear
tropical waters extensive deep water beds can be found between 30-200 m where cooler
water and upwelling can support kelp growth (Graham et al. 2007a). Fucoids and lami-
narians have diverse morphologies from branched floating (e.g. Ascophyllum nodosum,
Macrocystis pyrifera) to strap like stipated (e.g. Durvillaea antarctica, Saccharina latis-
sima) canopies ranging from 10 cm to 45 m in height creating complex three-dimensional
habitats that support diverse communities of associated flora and fauna (Abbott and

Hollenberg 1976; Steneck et al. 2002a; Schmidt et al. 2011).

The global extent of kelps estimated by De Vooys (1979) from a coastal land-
forms map and coastal lengths of countries assumes that 30,000 km of coastline have sig-

nificant kelp beds. To estimate the global area of kelp coverage we assumed an average
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bed width of 40 m (Mann 1972b; Choat and Schiel 1982) therefore the area covered
would equal 1,200,000 km?. In addition, we would need to account for the deep tropical
beds that are estimated to cover ~ 23,500 km® (Graham et al. 2007a) for a total kelp cov-
erage of 1,223,500 km® (Table 5-1). No coastal length data was available for rockweeds
but fucoids have the same geographical distribution as kelps so, they too would cover
30,000 km of coastline (De Vooys 1979). We assumed an average bed width of 15 m
(Mann 1972b; Choat and Schiel 1982) for a total rockweed extent of 450,000 km?. This
however, would not take into account the extensive beds in the Baltic Sea where there are
few kelps (Wallentinus 1991). These crude estimates are greater than that of seagrass ex-
tent which seems reasonable since although laminarian and fucoid species are limited in
their distribution by temperature, laminarians occur at deeper depths than seagrasses in
both temperate and tropical waters (den Hartog 1970; Vadas and Steneck 1988; Graham
et al. 2007a) and both can occur along rocky shorelines adjacent to subtidal seagrasses
(Wernberg et al. 2006). The only other estimate in the literature is 3.5 times higher than
our estimate because it represents the total area of world ocean available to benthic algae
based on the depth of the photic zone (Charpy-Roubaud and Sournia 1990) but it does not

take into consideration bottom type or taxon.

5.4. Carbon and Nitrogen Storage Services

In order to estimate carbon and nitrogen storage services of a habitat, we need to con-
sider the amount of primary production, local burial and export as well as the burial of
exported material and the remaining standing stock. Estimates of productivity of coastal
macrophyte systems has a long history with some of the earliest work in the early 1900s
(e.g. Harper 1918) and expanded to all coastal habitats in the 1960s-70s (e.g. Golley et al.
1962; Mann 1972a; Penhale 1977). It continues to this day refining methods as well as
expanding our knowledge of other important compartments, like below ground produc-
tion (Mateo et al. 2006; Komiyama et al. 2008). The most productive coastal habitats are
macroalgal beds with 14% more production than mangroves and double that of sea-
grasses and salt marshes (Table 5-1) because of their rapid turnover (Smith 1981) and

high detritus production (Krumhansl 2012) relative to the other macrophytes.
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In contrast, mangroves have the highest burial rate (Table 5-1) because of their
high sediment accumulation rates (Kathiresan and Bingham 2001; Sanders et al. 2010).
The most recent works that examine the importance of coastal macrophyte communities
as carbon sinks focus on the productivity of seagrasses, salt marshes and mangroves and
the fraction of their local production that is buried in underlying sediments (Table 5-1).
They do not include macroalgae because they grow on rocky substrates and therefore do
not bury carbon locally (Table 5-1; Duarte et al. 2005; Nellemann et al. 2009; McLeod et
al. 2011). However, macroalgal systems do export the most primary production (Table
5-1) as detritus produced via erosion (Krumhansl 2012), breakage (Viejo and Aberg
2003; Filbee-Dexter and Scheibling 2012) or dislodgment (Wernberg et al. 2006; Graham
et al. 2007b). Like other marine macrophytes, some of the detritus ends up as beach
wrack (Williams and Feagin 2010; Dugan et al. 2011) or as drift in other low energy
coastal habitats (Wernberg et al. 2006; Krumhansl and Scheibling 2011) and deep waters
(Harrold et al. 1998; Dierssen et al. 2009; Filbee-Dexter and Scheibling 2012) 10s of me-
ters to 1000s of kilometers away (Edgar 1987; Olafsson et al. 2001; Thiel and Gutow
2005; Biber 2007). Much of the macrophyte detritus acts as a subsidy in the receiving
habitats (Harrold et al. 1998; Rossi and Underwood 2002; Heck et al. 2008; Williams and
Feagin 2010; Kelly et al. 2012) but no work has been done on the potential for carbon
and nitrogen storage via the burial of the exported detrital material in these low energy
habitats. Typically, less than 10% of the terrigenous and phytoplankton based organic
matter reaching the ocean floor is ultimately preserved in marine sediments (Hedges and
Keil 1995). If we apply this same percentage to the material exported by marine macro-
phyte ecosystems, macroalgal systems bury more exported material than any other
macrophyte system but reach only one third of the total burial of other macrophyte eco-
systems (Table 5-1). Regardless, this amounts to a burial rate of 39,500 kg C km™ yr
and 3,961 kg N km™ yr'. Although these estimates are crude, it does show that macroal-
gae are not inconsequential and do play a role in carbon and nitrogen storage and poten-

tially even sequestration.

Interestingly, work on terrestrial carbon budgets take the standing stock of plant
biomass into consideration (Trumper et al. 2009), whereas this is neglected for macro-

phytes in coastal habitats (e.g. Nellemann et al. 2009; McLeod et al. 2011), likely because
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they are viewed as ephemeral, with the exception of mangroves, relative to many terres-
trial habitats. We would like to challenge this idea and propose that the global standing
stocks of marine vegetated habitats are at least as important a reservoir of carbon and nu-
trients as their terrestrial counterparts. Considering that coastal vegetated habitats occupy
0.7% of the total ocean area, together they account for 12% of oceanic carbon stock and
store more carbon (6.9 PgC) than all other ecosystems except phytoplankton, savanna and
tropical forest (Table 5-2) making these marine ecosystems important players in the

global carbon and nitrogen cycles.

Salt marshes had the highest tissue carbon content followed by mangroves (Table
5-1), yet salt marshes had a lower carbon standing stock per unit area than mangroves
because of their smaller biomass. Seagrasses stored the least amount of carbon and nitro-
gen even with moderate tissue content because of their low standing biomass (Table 5-1).
The global macroalgal carbon stock stores 40-98% more carbon than any other marine
habitat, except phytoplankton, and 52-64% more than grasslands, temperate coniferous
forests and tundra despite being only one third to one sixth of the area of these terrestrial
habitats (Table 5-2). Macroalgae also had the highest average tissue nitrogen content and
nitrogen standing stock (Table 5-1). Interestingly, mangroves had the lowest tissue nitro-
gen content but the second highest nitrogen standing stock because of their immense
biomass (Table 5-1). Since major plant nutrients are assimilated along with carbon
(Pedersen et al. 2004) patterns in global nitrogen stocks will likely be similar to carbon.
The substantial carbon production and nutrient uptake by marine macrophytes provides a
significant carbon and nutrient sink through the accumulation of biomass and detritus

(Smith 1981; Pedersen et al. 2004).

Like many terrestrial forests mangroves can live up to 80-90 years (Jimenez et al.
1985; Fromard et al. 1998; Luyssaert et al. 2007) which is not surprising since it is a
coastal forest. What is surprising is that some beds of the seagrass Posidonia oceanic
have been dated to 3385 years before present (BP), others estimated at 6000-7000 years
BP (Mateo et al. 1997) and individual clones of Zostera marina in the Baltic Sea up to
4000 years BP (Reusch et al. 1999). Similarly, salt marshes can take decades to centuries
to form and mature marshes can be stable for centuries (Alongi 2002). The majority of

large canopy forming macroalgae are perennial, some kelp species can live up to 25 years
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(Steneck and Dethier 1994) and some rockweeds have been estimated to live longer than
120 years (Aberg 1992). The longevity of these coastal habitats, except kelps, rivals or
exceeds the stand age (45-121 years) of many existing forest biomes around the world
(Luyssaert et al. 2007). Although the longevity of individual macroalgal species may be
low, a macroalgal bed may persist in an area for centuries (Tegner and Dayton 2000;
Steneck et al. 2004). It is the persistence of the biomass in each of these coastal habitats
over centuries to millennia that make them important for coastal carbon and nitrogen

storage and justifies their inclusion in the global carbon budget.

5.5. Habitat and Nursery Services

Seagrass meadows, mangroves, salt marshes and macroalgal beds create very distinct
three-dimensional habitats that provide unique opportunities for settlement, refuge, and
foraging for a wide range of species (Heck et al. 2003; Minello et al. 2003; Hogarth 2007,
Schmidt et al. 2011). Across the reviewed studies, the presence of macrophytes had a
positive effect on associated fauna compared to unvegetated habitats, since the average
response ratio for both abundance and richness was above zero for all ecosystems and
species groups (Fig. 5-2). However, only seagrasses, mangroves and salt marshes signifi-
cantly enhanced the abundance or species richness of the total faunal assemblage (Fig.
5-2). The enhancement effect of a macrophyte canopy was significant for all species
groups with the highest enhancement for decapod abundance and both decapod and fish
species richness (Fig. 5-2). The range of morphologies within a macrophyte type also in-
fluences the distribution of mobile fauna since the choice of location within and between
habitat types is influenced by the abundance and distribution of prey and predation refuge
(Edgar 1990; Denno et al. 2005). This is likely one factor contributing to the large within
habitat variability in the response of species richness and abundance in all habitats except
seagrass when pooled across species groups (Fig. 5-2) as well as when broken down into
individual species groups (Fig. 5-3). The small sample size (<10) of many of the data
points is also likely playing a role in the large confidence intervals, and prevented us
from statistically analyzing the effect of macrophyte type on individual species groups.

We will therefore focus on the patterns observed in average response ratios.
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Seagrasses had the highest enhancement effect on total abundance with 1.7 times
greater enhancement than mangroves and salt marshes and 6 times greater than
macroalgae (Fig. 5-2). The presence of seagrasses also doubled species richness relative
to mangroves and enhanced richness by 1.6 and 5 times relative to macroalgae and salt
marshes, respectively (Fig. 5-2). For individual species groups, seagrasses always had the
highest enhancement effect on abundance and species richness except for decapod abun-
dance which was highest in salt marshes (Fig. 5-3). Seagrasses increased the richness of
decapods, fishes and infauna by 1.6, 7 and 3.6 times, respectively (Fig. 5-3). A good ex-
ample of the greater effect on fishes can be seen in Guatemala where decapod species
richness increased from three species in unvegetated areas to 14 species inside Thalassia
testudinum beds whereas fish species richness increased from one to 16 species inside the
seagrass beds (Appendix 1; Arrivillaga and Baltz 1999). In Australia, the number of
infauna species doubled (74 to 160) with the presence of a canopy of Nanozostera

muelleri capricorni (Appendix 1; Barnes and Barnes 2012).

Although mangroves had the highest average enhancement effect on juvenile
fishes, the large variability precluded any significant results (Fig. 5-3). Seagrasses, on the
other hand, significantly enhanced the abundance of juvenile fishes, such as Atlantic cod
(Gadus morhua; Lazzari and Stone 2006) and the large-mouth goby (Redigobius
macrostoma; Gray et al. 1998) by 2.5 and 3 times more than salt marshes and
macroalgae, respectively. Like all marine macrophytes, seagrasses are ecosystem engi-
neers in that they modify the physical environment via their physical structure thereby
modulating resource availability and maintaining a habitat (Jones et al. 1994). The in-
creased aboveground complexity provided by the seagrass blades increases sedimentation
of organic matter (Hasegawa et al. 2008; Herkiil and Kotta 2009) and the highly complex
structure of roots, rhizomes and associated rhizosphere increases sediment oxygenation
(Penhale and Wetzel 1983; Herkiil and Kotta 2009) thereby increasing the food and oxy-
gen availability to infaunal communities. In addition, the higher habitat complexity has
been shown to decrease predator foraging efficiency (Edgar 1990; Heck and Orth 2006)
and prevent resuspension and transport of infauna (Orth 1977) thereby decreasing the risk
of predation on juvenile fishes while increasing infaunal food availability to those same

juveniles. Interestingly, seagrasses also had the highest enhancement effect on fish abun-
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dance (Fig. 5-3). However, the dominant species inside the seagrass beds in more 70% of
the studies were either small (<20 cm max length) like the small-mouth hardyhead
(Atherinosoma microstoma; Connolly 1994), Port Jackson perchlet (Ambassis
Jacksoniensis; Gray et al. 1996) and three-spine stickleback (Gasterosteus aculeatus;
Joseph et al. 2006), or highly specialized (e.g. pipefishes; Edgar and Shaw 1995a; Franco
et al. 2006; Schmidt et al. 2011) and likely taking advantage of the same resources and

cover as the juveniles.

Despite the small sample size, mangroves showed the second highest enhance-
ment effect on the infauna abundance and richness (Fig. 5-3), likely due to the high sedi-
ment organic content and sedimentation rates (Kathiresan and Bingham 2001;
Nagelkerken et al. 2008). Mangroves are highly complex and host a range of habitats
from the aerial roots, trunks, pneumatophores, creeks and even permanent water holes
across a range of physico-chemical environments (Hindell and Jenkins 2004; Hogarth
2007). Mangroves also significantly enhanced fish species richness and abundance while
the effect on decapods was variable (Fig. 5-3). In one study, there was even a negative
effect of the mangrove habitat on decapods (Appendix 1; Bloomfield and Gillanders
2005). This is likely an artifact of the sampling methods. The majority of decapod species
do not migrate with the tides but rather remain in burrows at high tide to avoid predation
and emerge at low tide to forage (Hogarth 2007) and are therefore not being captured by
the high-tide seining or passive trapping techniques (Rozas and Minello 1997).

Salt marshes enhanced decapods abundance by 1.3-14 times more than any of the
other macrophyte ecosystems (Fig. 5-3). Salt marshes exhibit sharp zonation of plant spe-
cies from low to high marsh, offering a range of habitat complexity and high productivity
(Barbier et al. 2010) which likely contributed to high abundances of primary consumers,
such as gastropods (Shervette and Gelwick 2008). In addition, salt marshes also accumu-
late large amounts of detritus that would increase food availability to detrivorous crabs
and shrimps, like the mud shore crab Helograpsus haswellianus (Bloomfield and
Gillanders 2005) and brown shrimp Farfantepenaeus aztecus (Minello 1999). The high
productivity and increased number of small prey items would also attract omnivorous

decapods like the blue crab Callinectes sapidus which is reflected in their higher abun-
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dances in salt marshes relative to unvegetated areas (Minello 1999; Shervette and

Gelwick 2008).

Overall, macroalgae had the lowest total abundance enhancement (Fig. 5-2) be-
cause of the opposing effects of the decapods and fishes (Fig. 5-3), but also a very low
numbers of studies. The canopy of highly branched macroalgae can be very dense which
limits maneuverability and predation efficiency effectively deterring and maybe even ex-
cluding large individuals from entering the canopy (Denno et al. 2005). In kelp beds,
wave surge produces a sweeping motion of strap-like blades that scours the bottom ex-
cluding many sessile organisms (Connell 2003) and deterring predators (Velimirov and
Griffiths 1979). In addition, the closest equivalent to infauna on the rocky shore is hold-
fast fauna which were not included in our estimates of the enhancement of richness and
abundance because of the literature bias towards the highly complex kelp holdfasts. This
omission led us to underestimate the total enhancement effect of macroalgae relative to
unvegetated rocky substrates. For example, a kelp holdfast can host on average 600 indi-
viduals (Tuya et al. 2011) and more than 8 species or faunal groups (Schmidt and

Scheibling 2006; Wtodarska-Kowalczuk et al. 2009; Tuya et al. 2011).

One notable omission in this review was the sessile benthic and epiphytic fauna as
well as non-canopy forming algae and mobile invertebrates that were not decapods. The
main reason for omitting these groups was because of the limited number of studies ex-
amining the richness and abundance of these groups as a whole in each of the habitats.
However, mangroves are known to host a diverse sessile epiphyte community on their
areal roots, trunks and pneumatophores (Kathiresan and Bingham 2001) as do seagrasses
(Borowitzka et al. 2006) and macroalgae (Schmidt and Scheibling 2006; Schmidt et al.
2011) leading us to underestimate the habitat service of these ecosystems. Since only
mangroves and salt marshes have an aerial component, we opted to omit the terrestrial
inhabitants in the estimates of richness and abundance enhancement. However, the terres-
trial inhabitants of mangroves and salt marshes (e.g. insects, frogs, birds) as well as sea-
birds, shorebirds and opportunistic mammals (e.g. mink, deer) in seagrasses and
macroalgae are known to play an essential role in the transfer of marine production to ter-

restrial biomes (Heck et al. 2008).
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In addition, the dispersal and migration of species between coastal ecosystems
connects them on both a local (10-100s m) and broad scale (10-100s of km; Polis et al.
1997). For example, many highly mobile and migratory fish species (e.g. pollock
Pollachius pollachius, herring Clupea harengus) use a variety of coastal habitats during
their movements thereby influencing the local food web as predators or prey and in so
doing transport production in the form of nutrients across ecosystem boundaries (Polis et
al. 1997). Salt marshes, mangroves and some macroalgal beds are intertidal and therefore
adjacent subtidal seagrasses and macroalgae likely host adults and juveniles of migrant
species at low tide. Some species also have habitat specific ontogenic shifts that transition
through all lifestages only when the required habitats are in close proximity to each other
(Nagelkerken et al. 2001; Pittman and McAlpine 2003). It is only then that they are able
to provide sufficient food resources and predator refugia for this life history transition
(Nagelkerken et al. 2001; Pittman and McAlpine 2003) further emphasizing the im-

portance of maintaining habitat diversity on local and regional scales.

5.6. Threats to Ecosystem Services

Coastal marine vegetated habitats exist in a narrow band around the continents and, for
their limited size, play a disproportionate role in climate regulation and nutrient cycling
(Table 5-1, 5-2). In addition, they provide essential habitat and nursery services to a range
of fauna (Fig. 5-2, 5-3) as well as a number of other services such as flood protection,
raw materials, recreation and food production to name a few (Steneck et al. 2002a;
Bostrom et al. 2011). However, it is this narrow existence that makes them the most vul-
nerable habitats to the anthropogenic impacts of the 3.1 billion people living within 150
km of the coast and the eight largest coastal megacities (>8 million inhabitants; Halpern
et al. 2007; Halpern et al. 2008; United Nations 2012). Historical losses in the extent of
seagrass meadows, salt marshes and mangroves exceed 25% with no data available on the
global loss of macroalgae beds (Table 5-3). Of the four ecosystems, macroalgal habitats
(rocky reefs and intertidal) have been ranked among the most vulnerable (Halpern et al.
2007) and they are the systems we know the least about with respect to their ecosystem

services.
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Climate change, either through increasing water temperature or sea level rise is cur-
rently affecting coastal habitats (Table 5-3); a threat that will continue at least into the
next century (Short and Neckles 1999; Adam 2002; Gilman et al. 2008; Wernberg et al.
2011). Increasing water temperature causes alteration to growth rates and physiological
functions as well as poleward range shifts due to temperature stress and changes in repro-
duction. This poleward migration for cold adapted species will lead to an eventual range
contraction as they reach their water temperature limits and can no longer shift north or
south (Short and Neckles 1999; Adam 2002; Gilman et al. 2008; Wernberg et al. 2011).
Range shifts have already been documented in a number marine and terrestrial species in
accordance with their physiological constraints (Root et al. 2003; Berecibar et al. 2009;
Wernberg et al. 2011). In addition, the nature of salt marsh and mangrove species may
inhibit rapid expansion as would winter air temperature since many southern species are
frost sensitive (Adam 2002; Gilman et al. 2008). However, as the climate warms the
number of extreme cold weather events and frost days will decrease and will become less

critical in limiting range expansion (Gilman et al. 2008).

Sea level rise may be the biggest climate change related threat to intertidal ecosys-
tems. Sea-level rise is already happening with a 12-22 ¢cm increase in the 20" century and
is projected to accelerate over the coming decades (Solomon et al. 2007). If the rate of
change in elevation in salt marshes and mangroves cannot keep pace with the changing
sea-level, landward migration is the only option to maintain their preferred hydroperiod
(Adam 2002; Gilman et al. 2008). Macroalgal habitats will likely also move landward to
maintain adequate light levels as the water gets deeper. However, extensive coastal de-
velopment (e.g. roads, seawalls, cities) provide effective barriers to this landward migra-
tion which may lead to a reduction in area or local extirpation of the ecosystem (Gilman
et al. 2008). Currently, mangroves are keeping pace with sea level and salt marshes in the
Wadden Sea have been estimated to tolerate between 5-10 mm rise per year (Adam 2002;
Gilman et al. 2008). However, the processes controlling increases in sediment surface are
extremely site specific (Adam 2002; Gilman et al. 2008) and may change as sea level rise
accelerates (Solomon et al. 2007). In addition, the health of mangroves and salt marshes
and their ability to keep pace is seriously threatened when sea-level rise is coupled with

the predicted increased frequency and intensity of storms and extreme weather events
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(Adam 2002; Gilman et al. 2008). The increased storm activity will also cause increased
physical disturbance to macroalgal canopies which interact with and compound the nega-
tive effects of increased ocean temperature; reducing the canopy’s ability to withstand
and recover from disturbance and if chronically disturbed may lead to species poor as-

semblages (Wernberg et al. 2011).

Throughout history humans have preferred settling in coastal areas for easy access
to resources, transportation and defence (United Nations 2011). Currently, coastal ecosys-
tems around the world contain four times greater urban population than any other ecosys-
tem. Human coastal settlements in developing countries are growing rapidly and this
growth is expected to remain high due to high fertility rates and the ongoing migration of
people from inland to coastal areas (United Nations 2011). Currently, pressures from hu-
man populations are negatively affecting coastal ecosystems through nutrient pollution
from agricultural run-off and sewage, increased demand for wood products and food re-
sources, and land use changes for agriculture, mariculture and coastal urbanization (Table
5-3). The cumulative effects of these multiple uses are reflected in the high to very high
impact rating of all of the heavily populated coasts (Halpern et al. 2008). Of the coastal
vegetated ecosystems, rocky reefs have the highest cumulative impact score with more
than 50% of the reefs experiencing medium high to very high impacts (Halpern et al.
2008). Similarly, half of the mangroves around the world are experiencing medium high
to very high cumulative impacts whereas most seagrasses are experiencing medium to
medium high effects (Halpern et al. 2008). Unfortunately, salt marshes were not included
in this cumulative impact analysis but their vulnerability to anthropogenic stressors is
similar to mangroves (Halpern et al. 2007) and they are therefore likely experiencing
similarly high levels of cumulative impacts. Anthropogenic pressures and their cumula-
tive effects are only expected to increase with coastal human population growth

(Millennium Ecosystem Assessment 2005; United Nations 2011).

In addition, human population expansion has a long history of intentional and un-
intentional introductions of alien species into ecosystems (Preston et al. 2004) that is only
increasing in this era of globalization (Hulme 2009). Some of these species have become
invasive, profoundly altering native ecosystems (Gurevitch and Padilla 2004). Only 6%
of all taxa listed as threatened on the IUCN Red List of Threatened Species
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(http://www.iucnredlist.org/) can be linked to direct or indirect effects of alien species but

33% of species in the database are threatened by habitat loss or alteration (Gurevitch and
Padilla 2004). Therefore, if invaders change the structure of the habitat they may have
profound effects on the associated community, trophic structure and ecosystem services.
Evidence of this can already be seen in macroalgae beds with the invasion of the macro-
algae Codium fragile ssp. tomentosoides (Schmidt and Scheibling 2007), salt marshes
with the invasion of the marsh plant Phragmites australis (Robertson and Weis 2005),
mangroves with the invasion of the wood boring isopod Spaeroma terebrans (Carlton
2001) and seagrass beds with the invasion of the European green crab Carcinus maenas

(Garbary et al. 2004).

The consequences of centuries of human pressures on coastal vegetated ecosys-
tems are reflected in their historical and continued global declines (Table 5-3) and IUCN
red list status. Of the 70 mangrove species, 16% were assigned to a threatened category
as well as 14% of the 72 species of seagrass (Polidoro et al. 2010; Short et al. 2011). Two
mangrove species were listed as critically endangered and may disappear within the next
decade if conservation measures are not put in place (Polidoro et al. 2010). Although sea-
grasses have more species in the threatened category, when combined with the near
threatened category, they have a lower proportion of species in those categories (21%)
relative to mangroves (26%), which may be indicative of the greater human pressures ex-
erted by the widespread clearing of mangroves. Human activities were also identified as
affecting 93% of all the seagrass species (Short et al. 2011). The majority of species listed
as least concern are wide-ranging, fast-growing species with large distributions, many of
which have also suffered population declines and may be locally threatened. However,
their global population declines were below the threshold required for assignment to a
threatened category (Polidoro et al. 2010; Short et al. 2011) but may be listed in the fu-

ture if current trends continue.

Thus far assessment efforts in salt marshes and macroalgal beds have been on in-
dividual species and a comprehensive review of the status of salt marshes and macroalgae
as a group is so far lacking. Currently, only 12 salt marsh vegetation species are on the
TUCN red list, three of which are seagrasses (Ruppia cirrhosa, R. maritima and Zostera

capensis). Although seagrasses do occur in salt marshes, they are not emergent salt marsh
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vegetation. Many salt marsh species such as those from the genus Spartina and Sarco-
cornia among many others have not yet been assessed. Of the remaining nine salt marsh
species in the IUCN database, five are listed as threatened and four are either of least
concern or data deficient. Of the 43 species of plants and protists listed in the IUCN data-
base for the rocky intertidal and macroalgal habitats, the only fucoid, Sargassum galap-
ense, was listed as data deficient and no kelp species at all were assessed. Considering the
important role of salt marshes and macroalgal ecosystems in providing essential services
and the increasing human pressure in the coastal zone, there is an urgent need to assess
the status of the constituent species and identify key knowledge gaps that need to be filled

to adequately address the status of these ecosystems as a whole.

5.7. Conclusions

There are clear differences in the carbon and nitrogen storage and habitat and nursery
services between coastal vegetated habitats (Table 5-1, 5-2; Fig. 5-2, 5-3). Each ecosys-
tem had a unique strength, macroalgae had the highest C and N standing stock, man-
groves had the highest C and N burial, salt marshes had the highest decapod abundance
enhancement whereas seagrasses had the highest overall enhancement on total fauna
abundance and richness as well as significantly enhanced juvenile fish abundance; em-
phasizing that one macrophyte cannot replace the other but that they are all key players in
the provision of ecosystem services. In addition, the export of detrital material and the
dispersal and migration of flora and fauna connects these habitats in an interdependent

coastal mosaic.

Currently, our lack of good estimates of global extent of marine macrophytes, es-
pecially for salt marshes and macroalgae, limits our understanding of the magnitude of
the ecosystem services they provide. The development of a rapid assessment method of
estimating the global extent of all marine macrophyte ecosystems would allow us to get a
more complete map of their current status but also monitor changes over time. However,
the most important knowledge gap lies with macroalgae, where very little research exists
into their carbon and nitrogen storage services despite their enormous biomass and global

distribution. In addition, we only focused on laminarians and fucoids, more work needs to
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be done on other algal species or groups to understand the role they play in providing im-
portant ecosystem services. It is imperative that we have more studies comparing the
abundance of juvenile and adult fishes, crustaceans, gastropods, infauna, holdfast fauna
and other mobile invertebrates as groups inside relative to outside vegetation to get a
clearer picture of the habitat and nursery services of coastal vegetated systems for all mo-

bile species.

The continued loss of these highly valuable ecosystems jeopardizes the function-
ing of the coastal ocean and its ability to provide services essential for human well being
(Millennium Ecosystem Assessment 2005; Gilman et al. 2008; Short et al. 2011). We can
no longer view these ecosystems in isolation and the application of landscape ecology to
the coastal seascape offers a spatially-explicit perspective to resource management, con-
servation and restoration planning (Bostrom et al. 2011). Increasing habitat connectivity
in marine reserves has been shown to increase their performance by maintaining ecologi-
cal processes thereby increasing the resilience and trophic exchange among protected
habitats as well as in adjacent aquatic and terrestrial habitats (Olds et al. 2012). If we are
to truly protect the ecosystem services provided by the coastal ocean, it is essential that
we consider the mosaic of ecosystems and their connectivity in the planning, implementa-

tion and management of protected areas as well as remediation and restoration projects.
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Table 5-1. Global estimates of the spatial extent, production, export, burial and standing
biomass as well as tissue content (%) and standing stock of carbon (C) and nitrogen (N)
for four coastal vegetated habitats. Where possible measures for both above (Abg) and
below (Blg) ground components are listed and their sum (Total) or mean (Mean)
calculated. Standing stock was estimated by multiplying the biomass of each component
with their respective % tissue C or N. — indicates that no data were available and that
there is no below ground component for macroalgae. See text for discussion and
references of extent

Seagrass Mangrove Salt marsh ~ Macroalgae

Extent (10° km?) 3.0 1.6 3.8 16.7
Production Abg 38.4! 54.2° 33.6° 100.2"
(10°g DW km™ day™)

Blg 12.1! 32.2° 18.3° -

Total 50.5 86.4 51.9 100.2
Export 3 3 3 3
(10 DW kn” day”y 108 12.3 3.87 12.2 43.6
Eigsriagw (2 gy Production 1 1.32 14.7% 13.2° -
(10 ) Export 1.2 0.4 1.2 4.4

Total 12.5 15.1 14.4 4.4
Biomass Abg 239.4! 17188.0’ 792.4"° 8168.0"
(10° DWg km™)

Blg 235.6' 12211.0 7662.0"

Total 475.0 29399.0 8454.4 8168.0
% tissue C Abg 33.6" 42.0° 435! 248"

Blg 25.5° 44.0° 47.1" -

Mean 29.6 43.0 453 24.8
% tissue N Abg 1.8* - 1.4° 2.3%

Blg 0.6 - 0.8" -

Mean 1.2 0.4% 1.1 2.3
C standing stock  Apg 80.5 7219.0 344.7 2025.7
(10° g DW km?)

Blg 60.1 5372.8 3608.8 -

Total 140.5 12591.8 3953.5 2025.7
N standing stock  Apg 436 - 11.1 187.9
(10° g DW km™)

Blg 1.51 - 61.3 -

Total 5.9 105.8 72.4 187.9

"Duarte and Chiscano (1999),>McLeod et al. (2011),> Duarte and Cebrian (1996), “Duarte (1990), > Schmidt et al.
(2012), ® Bouillon et al. (2008), ” Komiyama et al. (2008), ® Cebrian (1999), * Chmura (2009) and Woodwell et al.
(1973), ' Gallagher et al. (1980), Groenendijk and Vink-Lievaart (1987), Clarke and Jacoby (1994), Cagador et al.
(2004) and Neves et al. (2007), ' Curtis et al. (1989), ' Curtis et al. (1990), * Charpy-Roubaud and Sournia (1990), '
Mann (1972b), Vadas et al. (2004), Reed and Brzezinski (2009) and Schmidt et al. (2011), 15 Duarte (1992).
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Table 5-2. Comparison of global estimates of area and standing biomass based carbon (C)
stocks for the vegetation component of the major terrestrial biomes from Del Grosso et al.
(2008), phytoplankton from Chavez et al. (2011), calcium carbonate production in corals
from Smith and Gattuso (2009) and seagrasses, mangroves, salt marshes and macroalgae
by multiplying the standing biomass by the average tissue carbon and area from Table 5-
1. Pg = petagram = 10" g

Area C stock

Ecosystem (10°ha)  (PeC)

Terrestrial 46.0
Tundra 1030 1.2
Boreal forest 1900 6.0
Temperate deciduous forest 1206 6.6
Temperate coniferous forest 246 1.2
Grasslands 968 1.6
Savanna 3197 12.1
Tropical forest 1747 15.2
Desert 2607 1.0
Wetlands/Ice 227 1.1
Marine 57.0
Phytoplankton 36302 50.0
Coral reefs 60 0.08
Seagrasses 30 0.04
Mangroves 16 2.1
Salt marshes 38 1.5
Macroalgae 167 34
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Table 5-3. Global areal losses since the 1940s, current annual areal loss rates, I[UCN red
list status and the main drivers of the loss of coastal vegetated habitats. The [UCN red list
status represents the percentage of species under elevated threat of extinction. Loss
drivers are not listed in order of importance. Table modified from Bostrém et al. (2011). -
indicates no data. Urbanization refers to increases in coastal development and pollution.
Removal refers to the mechanical damage to seagrasses through dredging, mooring or
other shallow water development such as aquaculture.
Seagrasses' Mangroves®  Salt Marshes”™’ Macroalgae

8-10
Global loss (%) 33 34 25 -
Annual loss rate (%) 7 33 2.1 -
TUCN (%) 14 16 - -
Loss drivers Warming Sea level rise  Sea level rise ~ Warming
Sea level rise ~ Urbanization = Urbanization Urbaniza-
tion
Eutrophication Mariculture Eutrophication Fisheries
Removal Forestry Invasions Invasions

"Waycott et al. (2009), * Short et al. (2011), Polidoro et al. (2010),* Bostrém et al. (2011),> Duarte et al. (2008), ®
Valiela et al. (2009), 7 Deegan et al. (2012), ® Wernberg et al. (2011), * Coleman et al. (2008), ° Steneck et al. (2002a).
Nellemann et al. (2009) was used for global losses and annual loss rates and Halpern et al. (2007) was used for all habi-
tats.
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Figure 5-1. Coastal vegetated ecosystems: a) temperate seagrass bed in New Brunswick,
Canada, b) tropical seagrass bed and ¢) mangrove in Quintana Roo, Mexico as well as a
d) temperate salt marsh, e) kelp bed and f) rockweed bed in Nova Scotia, Canada.
Photos b) and e) courtesy of Louise Schmidt and Robert Scheibling, respectively.
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CHAPTER 6

General Discussion

6.1. Summary

Overall, my work demonstrated that the extent to which marine vegetation provide
important habitat as well as nitrogen and carbon storage services depends on the founda-
tion species, and that these services are negatively affected by eutrophication. The com-
parison of rockweed (Ascophyllum nodosum) and eelgrass (Zostera marina) ecosystems
in Chapter 1 clearly showed that the much greater biomass in rockweed beds can store
significantly more carbon and nitrogen than eelgrass but that sediments in eelgrass beds
have a large storage capacity because of the high local burial rates. Both habitats signifi-
cantly enhanced the abundance and diversity of associated species compared to unvege-
tated habiats, including some commercially important species. However, there was also
within and between ecosystem variation in the habitat and nursery services as a function
of the 3-dimensional complexity of the ecosystem that influenced the identity and spatial
distribution of the associated flora and fauna. Lastly, both rockweed and eelgrass food
webs were more vulnerable to simulated species loss, especially when including primary
producers, compared to other marine food webs, underscoring their vulnerability to dis-

turbances affecting the functionally dominant primary producers.

One of the main impacts of eutrophication in terrestrial, freshwater and marine eco-
systems is a shift in the composition of the primary producer assemblage (Smith et al.
1999). This shift was evident at a regional scale in eelgrass beds of the Canadian Mari-
times, as demonstrated in Chapter 2. The dominance of perennial eelgrass shifted to in-
creasing abundance of phytoplankton and opportunistic macroalgae under intermediate
levels of eutrophication and, as a result, decreased the carbon storage services of the eco-

system. While each primary producer component showed its own response to eutrophica-
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tion, often influenced by local environmental conditions, I showed that a combined index
incorporating all three components provided the best quantitative signal of eutrophication
across a regional gradient of nutrient loading. The shift in dominance also changed the
complexity of the habitat and food availability to filter feeders, herbivores and detri-
tivores. These changes, coupled with the increasingly hostile chemical environment of the
sediments and water column, led to the increase in pollution tolerant species, the loss of
sensitive species and an overall decline in the species richness of fishes and invertebrates,
as demonstrated in Chapter 3. Thus, chapters two and three together indicate the specific
and wide-ranging consequences of eutrophication on coastal ecosystem structure, func-

tions and services.

Coastal vegetated habitats such as mangroves, salt marshes, seagrasses and macroal-
gae play an important role in oceanic carbon and nitrogen storage. As I show in Chapter
4, together these ecosystems make up 12% of the oceanic carbon stock (PgC) and their
contribution to the global carbon stock is only exceeded by phytoplankton, savanna and
topical forests. In addition, all of these ecosystems play key roles in providing habitat and
nursery services to many commercially and non-commercially important species at a lo-
cal scale, enhancing their abundance and diversity compared to unvegetated habitats. This
local enhancement will have regional effects through highly migratory fish and inverte-
brate stocks with eventual global economic impacts. Overall, my review showed that
each of the investigated ecosystems has its strength, either in carbon storage and seques-
tration or with respect to habitat and nursery services indicating that one ecosystem can-
not replace the other. This emphasizes the importance of all coastal vegetated ecosystems

in providing the full complement of essential services.

6.2. Management Implications

Despite their importance in providing ecosystem services essential for humans the
conservation, management and restoration of coastal vegetated ecosystems lags behind
terrestrial biomes such as tropical rainforests (Duarte et al. 2008). Part of the imbalance

can be attributed to the lack of public awareness of the global declines in the extent of
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coastal ecosystems and their underlying causes as well as the societal value of these eco-
systems. Such public awareness is necessary to set in motion effective management, pro-
tection or restoration strategies (Lotze et al. 2011). However, public awareness is only
part of the equation. Having a national legislative framework that can be used to create
effective policies and management plans in response to public pressure is an essential
piece of the puzzle (Lotze et al. 2011). However, underlying the policy there needs to be
sound independent science that managers can rely on to make effective decisions about
economic activities and the protection of the environment and natural resources
(Government of Canada 2002). Yet, current research efforts do not reflect the areal extent
or the potential economic value of services provided by coastal ecosystems (Duarte et al.
2008). This lack of supporting research needed to inform the management process may
lead to inaction. Thus, one overarching goal of my thesis was to provide quantitative sci-
entific information on the ecosystem services coastal vegetated habitats provide and how

they are affected by anthropogenic nutrient loading.

Recently, eelgrass (Zostera marina) was designated an Ecologically Significant Spe-
cies (ESS) because of its habitat and nursery services (Fisheries and Oceans Canada
2009). Although this designation does not afford the species any legal protection, it is an
official recognition of its importance and a step in the right direction. This was followed
by a review of the human activities that may constitute a Harmful Alteration, Disruption
or Destruction (HADD) of habitat provided by eelgrass (Fisheries and Oceans Canada
2012b). Both the process of designating eelgrass as ESS as well as the HADD review re-
quired very detailed information about habitat usage, tolerances and thresholds that in
many cases just don’t exist in the literature even for this relatively well-studied species.
Many academics are currently undertaking research that could contribute to the manage-
ment process but have no clear idea of what information is actually needed. We need in-
creased communication between managers and scientists to bridge this gap so that scien-
tists can tailor their work to satisfy their research interests while also providing useful
information to management process. I was fortunate that my research on eelgrass beds
could already contribute to the process of designating eelgrass as ESS and reviewing its

HADD in Atlantic Canada. So far, however, no such process has been started for rock-
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weed (or other marine habitat-providing plants) despite its similarly high importance in

providing ecosystem services.

6.3. Future Directions

Most coastal ecosystems are not just being affected by one human activity; rather,
they are a modern representation of multiple past and present perturbations (Lotze et al.
2006) and understanding how ecosystems are affected by these activities is essential for
managers. Aquaculture is growing rapidly in Atlantic Canada and is viewed by federal
and provincial governments as an economic opportunity to revitalize rural economics
(Fisheries and Oceans Canada 2012a) that are declining because of dwindling wild fisher-
ies. In Prince Edward Island alone, the mussel industry has seen growth from 100,000

pounds in 1980 to 44 million pounds in 2010 (www.gov.pe.ca). In New Brunswick, bi-

valve aquaculture is being promoted as a “green” industry that “improves the quality of
coastal marine ecosystems” (www.gnb.ca). However, researchers have found ecosystem
level effects of bivalve aquaculture because of the strong control of dense bivalve popula-
tions on phyto- and zooplankton dynamics, the diversion of suspended material to benthic
food webs and the alteration of coastal nutrient dynamics (Cranford et al. 2003). What is
not known are the consequences of the interaction between the effects of bivalve aquacul-
ture on the plankton assemblage and increased nutrient loading on the functions and ser-
vices of coastal vegetated ecosystems. All of my study sites in New Brunswick and
Prince Edward Island, except one, had bivalve aquaculture within the estuary but I was
unable to tease apart these interactions. Further investigation into the plankton species
assemblage and size structure would enable us to understand the mechanisms of change
and wider implications of both of these activities on the receiving ecosystems and their

food-webs.

Salmon aquaculture is also on the rise with production increasing from 78 tonnes in
1986 to 32,000 tonnes in 2010 (Fisheries and Oceans Canada 2012a). Salmon farms are a
significant local source of nutrient pollution in coastal estuaries and embayments (Wu

1995) that are typically located adjacent to the shore thereby affecting the nearby ecosys-
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tems. We now know that eutrophication has profound impacts on eelgrass ecosystems
(e.g. this thesis, Hauxwell et al. 2001; Deegan et al. 2002; Hughes et al. 2002) and rocky
shores (e.g. Worm and Lotze 2006), but these effects remain to be examined in local
macroalgal ecosystems such as rockweed and kelp beds. In addition, many rockweed
beds are also being harvested with unknown consequences of the harvest or the interac-
tion between the harvest and eutrophication on the structure and services of rockweed

ecosystems.

6.4. Conclusions

What we do know is that the loss in eelgrass irrespective of the mechanism will
have profound effects on associated species and the trophic transfer of these ecosystems.
This was demonstrated by the high rate of secondary extinctions that I observed with the
simulated removal of primary producers in the food web models (Chapter 1). Rockweed
food web models showed that they are even more vulnerable to the loss of the foundation
species thereby emphasizing the need to take the precautionary approach when managing
activities that affect the structure of rockweed ecosystems. The simple binary network
models I used were able to detect fundamental changes in the food web structure. The
next step would be to model the food webs using more complex mass-balanced tech-
niques (Coll et al. 2008) to examine changes in ecosystem functions in the face of eutro-

phication, harvesting and their interaction.

Although there are many other pieces of the puzzle that we still need to understand the
full extent of the services provided by coastal vegetated ecosystems, we now know
enough to warrant the protection and careful management of activities that could lead to

their decline.

137



APPENDIX A

Supplementary Information for

Chapter 2

The comparison of the effect of different transect lengths and widths on our analysis
of the abundance of mobile transect and quadrat macrofauna (A1) as well as information
on sources for length at maturity data (A2), trophic groups and diet references (A3) and

the species present at our study sites (A4 to AS).

Because we did not replicate transects within a location we could not directly test for
the interaction between site and location to examine the effect of the different transect
dimensions on the highly mobile macrofauna. Both Sale and Sharp (1983) and Cheal and
Thompson (1997) found significantly higher fish densities in I m vs. 2 m wide transects
for many species on coral reefs. However, Horinuchi et al. (2005) demonstrated that there
were no differences in species richness and density between transect widths for fishes
grouped based on their microhabitat preferences within seagrass beds and swimming abil-
ities. Moreover, Mapstone and Ayling (1998) found that for highly mobile fishes and
benthic organisms of relatively low abundance 20 and 60 m long transects were not sta-
tistically distinguishable. Based on these studies and the lack of significant differences in
any factor (PERMANOVA: p > 0.075), we assumed that changes in length and width did

not affect the number of species observed or their abundances.

When compared to the results of the analyses on the quadrat macrofauna, sessile ben-
thic and epiphytic species abundance data using the original transect lengths, the overall
results of the PERMANOVA analyses of the shorter transects remained the same; both
had a significant site nested within canopy by location interactions (ORIGINAL: Table 2-4;
SHORT: Macrofauna: pseudo-Fios4 = 3.1, p = 0.001; Sessile Benthic: Fiog4 = 7.2, p =
0.001; Epiphytic: Fips4 = 4.4, p = 0.001). Only 13 of the 81 (16%) site-by-site within a

canopy type and location post-hoc comparisons showed a different result when using the
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shortened compared to the original transects (S5). Since the transects only differed by a
maximum of one quadrat, this indicates that the differences were most likely between
sites and not the number of quadrats used to collect the data. In turn, almost all compari-
sons between sites with transects that differed by three, five, or six quadrats revealed the
same results when analyzing all or shortened transects. The only exception was a signifi-
cant difference in the epiphyte community between standard (11 quadrats) and short (five
quadrats) transects inside the rockweed habitat (PDI, TGI; S5). This difference was no
longer significant once both transects were of equally short length. However, this short
transect (TGI) was not different from any of the other standard transects (EJI, NTI) inside
a rockweed habitat, suggesting that the significant effect is a difference between sites and

not the difference in length.
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Table A-2. Minimum length at maturity data for species observed in rockweed and
eelgrass habitats in Nova Scotia, Canada. If data on an observed species was not
available, we used a closely related species (source species) instead.

Observed Species Source Species Size (cm)  Source

Anguilla rostrata 35.5 Fishbase

Cancer borealis 8.5 Fisheries and Oceans Canada (2000b)
Cancer irroratus 5 Fisheries and Oceans Canada (2000a)
Carcinus maenas 34 Berrill (1982)

Gadus morhua 32.1 Fishbase

Gasterosteus aculeatus 3.6 Fishbase

Homarus americanus 5.5 Cobb and Phillips (1980)
Microgadus tomcod Trisopterus minutus 11 Fishbase

Myoxocephalus

octodecemspinosus M. scorpius 14 Fishbase

Myoxocephalus scorpius 14 Fishbase

Pholis gunnellus P. nebulosa 14 Fishbase

Pseudopleuronectes

americanus 25 Fishbase

Scomber scombrus 26.2 Fishbase

Syngnathus fuscus S. rostellatus 10 Fishbase

Tautogolabrus adspersus  Tautoga onitis 18 Fishbase

Fishbase: A global information system on fishes www.fishbase.org
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Table A-5. Species composition: percent of total abundance (mean + SE) of each species
within the transect and quadrat macrofauna, sessile benthic and epiphytic species inside
(IN), along the edge (EDGE), and outside (OUT) the rockweed and eelgrass canopies. In
bold is the total abundance (mean + SE) for the transect and quadrat macrofauna
(individuals m™) and sessile benthic and epiphytic species (%). * indicates species only

observed at night.

Rockweed Eelgrass

IN EDGE our IN EDGE out
TRANSECT 0.38 (0.26) 0.64 (0.40) 0 1.34 (1.25) 0.05 (0.05) 0
MACROFAUNA (m)
CRUSTACEA
Homarus americanus* |0 16.6 (16.6) 0 0
Mysis stenolepsis 37.3(23.7) 30.5 (20.8) 33.3(33.3) 28.7 (28.7)
MAMMALIA
Halichoreus grypus 0 0 0 33.3(33.3) 0 0
OSTEICHTHYES
Anguilla rostrata 0.35 (0.35) 0 0 0 0 0
Gadus morhua* 0 0.49(0.49) 0 0 2.29 (2.29) 0
Gasterosteus aculeatus 10.25 (0.25) 0 0 2.08 (2.08) 0 0
Microgadus tomcod* 0 0.14(0.14) 0 0 2.29 (2.29) 0
Pholis gunnellus 12.5 (12.5) 0 0 0 0 0
Scomber scombrus 24.6 (24.6) 47.2(248) 0 31.3(31.3) 0 0
Syngnathus fuscus 0 0.22(0.22) 0 0 0 0
Tautogolabrus 0 4.90(4.90) 0 0 0 0
adspersus
QUADRAT 22.7 (5.28) 31.3(7.74) 6.40 (2.58) 52.0 (10.0) 46.6 (8.16) 6.17 (3.48)
MACROFAUNA (m?)
CRUSTACEA
Cancer borealis 0 0 0.13 (0.13) 0 0 0
Cancer irroratus 0.23 (0.23) 0.33(0.33) 1.02(1.02) 0.08 (0.08) 0 3.03 (1.51)
Carcinus maenas 0.96 (0.56) 1.97 (0.93) 5.99 (2.45) 0.81 (0.64) 0.30 (0.17) 0
Crangon septemspinosa |0 0 17.7 (6.64) 0.60 (0.60) 1.52 (1.38) 12.5 (9.66)
Idotea sp. 0 0 0 0.80 (0.80) 0.11 (0.11) 0
Pagurus sp. 0 0.95(0.57) 4.70 (3.34) 0.65 (0.51) 13.8 (7.55) 6.86 (4.78)
Semibalanus balanoides [17.9 (7.44) 599 4.71) 0 0 0 0
ECHINODERMATA
Asterias forbesii 0.05 (0.05) 0.76 (0.44) 0.85(0.54) 0 0.50 (0.50) 0.34 (0.34)
Asterias vulgaris 0 0 0 0 0.04 (0.04) 0
MoLLuscA
Crepidula fornicata 0 0.22(0.22) 0 0 0 0
Lacuna vincta 0 0 0 71.7 (26.1) 56.9 (8.81) 0
Littorina spp. 75.4 (8.69) 86.6 (5.59) 52.2(12.4) 25.4 (24.4) 21.2 (18.5) 453 (22.7)
Mpytilus sp. 5.37 (2.54) 2.65(2.16) 2.27(2.27) 0 0 0
Nassarius trivittatus 0 0 0 0 2.53 (1.34) 5.56 (5.56)
Notoacmaea testudinalis |0 0.38 (0.38) 0.75(0.75) 0 0 0.28 (0.28)
OSTEICHTHYES
Mpyoxocephalus 0 0 2.27(2.27) 0 0 0
octodecemspinosus
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Rockweed Eelgrass

IN EDGE our IN EDGE out
Myoxocephalus scorpius |0 0 0 0 0.05 (0.05) 0
Pseudopleuronectes 0 0.19 (0.19) 0.68 (0.24) 0 0 1.85 (1.38)
americanus
SESSILE BENTHIC SPE-  [0.16 (0.05) 15.5 (10.0) 0.68 (0.44) 0.03 (0.03) 0.17 (0.17) 0
CIES (%)
PORIFERA
Halichondria panacea 0 0.47(0.33) 0 0 0 0
PLANTAE
CHLOROPHYTA
Cladophora rupestris 2.50 (2.50) 31.7 (18.4) 2.27(2.27) 0 0 0
PHAEOPHYTA
Pilayella littoralis 4.55(4.55) 0 0
Sphacelaria arctica 0.75(0.75) 0 0
RHODOPHYTA
Ahnfeltia plicata 0 0 0 0 3.33(3.33) 0
Chondrus crispus 12.0 (4.6) 242 (11.7) 0 0 0 0
Corallina officinalis 0 11.0(79) 0 5.56 (5.56) 0 0
Polysiphonia fucoids 0 0 2.27(2.27) 0 0 0
EPIPHYTIC SPECIES (%) ]0.80 (0.59) 9.0 (5.3) 0 3.8(2.4) 6.0 (4.5) 0
BRrYOZOA
Membranipora 1.89 (1.89) 8.20(4.39) 0 25.9 (25.9) 29.5(15.9) 0
membranacea
POLYCHAETA
Spirorbis sp. 2.08 (2.08) 36.9 (16.0) 0 25.9 (13.4) 36.3 (21.0) 0
UROCHORDATA
Botryllus schlosseri 0 417 4.17) 0 0 0 0
PLANTAE
PHAEOPHYTA
Ascophyllum nodosum |0 2.27 (2.27) 0
Ectocarpus siliculosus 0 3.27 (3.27) 0
Fucus vesiculosus 14.9 (10.7) 2.27(2.27) 5.56 (5.56)
RHODOPHYTA
Erythrotrichia carnea 2.01 (2.01) 0
Polysiphonia fucoids 0 0 5.56 (5.56)
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APPENDIX C

Copyright Permission

C.1 Chapter 2

June 26, 2012
Marine Ecology Progress Series

I am preparing my PhD thesis for submission to the Faculty of Graduate Studies at Dal-
housie University, Halifax, Nova Scotia, Canada. I am seeking your permission to in-
clude a manuscript version of the following paper as a chapter in the thesis:

Schmidt AL, M Coll, TN Romanuk, HK Lotze (2011) Ecosystem structure and services
in eelgrass Zostera marina and rockweed Ascophyllum nodosum. Mar Ecol Prog Ser
437:51-68

Canadian graduate theses are reproduced by the Library and Archives of Canada (former-
ly National Library of Canada) through a non-exclusive, worldwide license to reproduce,
loan, distribute, or sell theses. I am also seeking permission for the material described
above to be reproduced and distributed by the LAC (NLC). Further details about the LAC
(NLC) thesis program are available on the LAC (NLC) website (www.nlc-bnc.ca).

Full publication details and a copy of this permission letter will be included in the thesis.
Yours sincerely,

Allison Schmidt

Permission is granted for:

a) the inclusion of the material described above in your thesis
b) for the material described above to be included in the copy of your thesis that is sent to
the Library and Archives of Canada (formerly National Library of Canada) for
eproducetion and distribution

Name: Otto Kinne Title: President — Inter-Research

Signature: Date:  June 27, 2012
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C.2 Chapter 3

To: Allison L Schmidt,

On behalf of the Association for the Sciences of Limnology and Oceanography, we are
happy to grant permission to use the article from Limnology & Oceanography per your
application.

When reproducing the article/figure(s), please cite according to the references that
follow:

All copyrighted works, whether displayed electronically or in print, should be properly
acknowledged as follows:

"Copyright (Year) by the Association for the Sciences of Limnology and Oceanography,
Inc."

Once permission is granted to use an article or any part thereof of a work from L&O, the
full citation must include:

. Name(s) of the author(s);

. Journal title (Association for the Sciences of Limnology & Oceanography or L&O)

. Publication date

. Volume number

. Issue number

. Chapter or article name

. Pages on which the articles, data, and/ or figure(s) appear

NN kW —

For your records, the Association for the Sciences of Limnology and Oceanography is a
nonprofit organization. (Taxpayer [.D. Number: 38-1710020)

If you have additional requests or have any questions in regard to this request, you can
contact me directly via e-mail at jdavis@sgmeet.com.

Sincerely,
Jo Davis

ASLO Business Office
Database Supervisor
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