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ABSTRACT (ENGLISH)

Primary producers are the foundation of marine food webs and require reliable nutrient sources to maintain their
important role with ecosystems. While marine mammals and seabirds can play critical roles in marine nutrient
cycling, their contributions are often overlooked. The fjord systems of Southeast Alaska support a high diversity of
marine mammals and seabirds in addition to some of the most valuable fisheries in the US. Nonetheless, there is
still relatively little known about nutrient sources and fluxes in this region which is a critical component of fisheries
management. The goal of our study was to advance knowledge of the role of mammals and seabirds in marine
nutrient cycling and to understand how changing marine mammal and seabird populations may alter ecosystem
dynamics. We analyzed nutrient levels in marine mammal scat, seabird guano, and seawater samples collected in
Berners Bay, Southeast Alaska, to determine the influence of marine mammals and seabirds on nearshore nutrient
concentrations. Utilizing qualitative network models (QNMs), we then examined how a simulated Berners Bay
ecosystem would respond to an increase in marine mammals, seabirds, and nutrients. Researchers are
increasingly utilizing QNMs as a first step in the development of ecosystem-based fisheries management plans as
their adaptable nature is well suited to address rapidly changing climatic conditions. Our direct nutrient
measurements and QNM results indicate that marine mammals and seabirds have the potential to provide
substantial contributions to marine nutrient concentrations in the region and that these valuable ecosystem
services should not be overlooked.

FULL TEXT

Introduction

Large mammals and birds have a profound impact on nutrient cycling in terrestrial systems (e.g., McNaughton et
al., 1997). For example, elephants (Loxodonta africanus) are ecosystem engineers that facilitate nutrient cycling
through their high dietary diversity and excavation of termite mounds and salt licks, which release nutrients such
as nitrogen, sodium, potassium, calcium, and magnesium into the soil (summarized in Poulsen et al., 2017). Black
bears (Ursus americanus) and brown bears (U. arctos) in coastal Alaskan rainforest ecosystems feed on Pacific
salmon (Oncorhynchus spp.) and release nitrogen and phosphorus into nutrient-limited soil (Sidle and Shaw, 1983)
via discarded carcasses and salmon-enriched waste (Willson et al., 1988; Helfield and Naiman, 2006; Gende et al.,
2007; Quinn et al., 2009). Many birds, through their vast migratory routes, transport nutrients between diverse
ecosystems and across large spatial scales (Whelan et al., 2008; Bauer and Hoye, 2014; Gaston et al., 2018). In
contrast, there is little understanding of the role of mammals and birds in nutrient cycling within marine systems
and further, they are seldom considered in management strategies.

A growing body of research describes the importance of marine mammal scat (hereafter referred to as scat) to
marine nutrient inputs in the mixed layer of marine waters. Due to the physiological dive response, which
decreases metabolism and restricts non-vital (e.g., digestive) processes while diving (Kooyman et al., 1981),
cetaceans are likely to defecate exclusively in the photic zone, producing buoyant, nutrient-rich fecal plumes that
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can stimulate primary productivity (Roman and McCarthy, 2010; Smith et al., 2013; Lavery et al., 2014; Roman et
al., 2016). Roman and McCarthy (2010) showed that nitrogen input to the Gulf of Maine from cetacean and seal
scat contributes more than all rivers in the region combined. Lavery et al. (2010) demonstrated how sperm whales
(Physeter macrocephalus) have the potential to stimulate new primary productivity by transporting allochthonous
iron from depth (via digested squid) to the photic zone in the Southern Ocean. A suite of studies (Nicol et al., 2010;
Lavery et al., 2014; Ratnarajah et al., 2014, 2016; Roman et al., 2014) has also demonstrated the potential for
baleen whale defecation to aid in recycling of autochthonous nutrients and stimulation of primary productivity.
Despite this mounting evidence ascribing the importance of marine mammals to marine productivity, questions
remain regarding the generalizability of these findings as all but two (Roman and McCarthy, 2010; Roman et al.,
2016) of the aforementioned studies occurred in the pelagic waters of the Southern Ocean.

Seabird guano (hereafter referred to as guano) enhances marine nutrient levels in nearshore environments. Wing
et al. (2014) showed that iron concentrations were eight times higher in seabird guano than in the sub-Antarctic
mixed layer. Further, Wainright et al. (1998) reported that seabird breeding colonies in the Bering Sea were
significant sources of recycled nitrogen for nearshore phytoplankton. In the Baltic Sea, guano derived from great
cormorants (Phalacrocorax carbo) significantly enriched nitrogen and phosphorus levels in benthic communities
near breeding colonies (Kolb et al., 2010; Gagnon et al., 2013) while guano leached from common murre (Uria aalge
) breeding colonies increased ammonium (NH4+) and phosphate (PO43') levels in the coastal marine environment
by >150% (Hentati-Sundberg et al., 2020). Guano-derived nitrogen and phosphorus are also important nutrient
sources for Pacific coral reefs (Honig and Mahoney, 2016; Lorrain et al., 2017). The diverse locations of the
aforementioned studies indicates that guano-based enrichment of nearshore waters persists across a latitudinal
gradient.

Primary producers require reliable nutrient sources for photosynthesis and cellular function (Raven, 1988), but
nutrients have a heterogeneous spatiotemporal distribution. In the Northeast Pacific, nutrient input depends on
proximity to the continental shelf, with multiple mechanisms allowing for biologically available nutrients to enter
both nearshore and pelagic systems (Stabeno et al., 2004; Weingartner et al., 2009). Nutrient availability in
nearshore waters is determined by the watershed properties of the land they abut (Sugai and Burrell, 1984) and the
interaction of water masses on the continental shelf, such as localized upwelling and mixing events (Stabeno et
al., 2004). Nearshore nutrient limitation exhibits high geographic variability, and these complex, often generalized,
dynamics require examination on a geographically finer scale to more fully understand nearshore nutrient fluxes.
Having a thorough understanding of ecosystem dynamics is necessary for the successful management of marine
resources. Marine fisheries management in the US has historically followed a single species approach with little
consideration for how broader ecosystem dynamics influence harvested species. Whereas it has become
commonplace for fisheries policy makers and resource managers to consider physically derived nutrient sources
in developing management strategies (Zador et al., 2019; Harvey et al., 2020), there are currently limited pathways
to incorporate biologically derived nutrient sources. Moreover, these limitations cause marine mammals and
seabirds rarely to be considered as anything but direct competitors for fishery resources (see Peterson et al., 2014;
Chenoweth and Criddle, 2019; Hanselman et al., 2019). However, in recent years, there has been a shift toward
more sustainable, holistic approaches to resource management via ecosystem-based fisheries management
(EBFM; Marasco et al., 2007). The shift to the EBFM has created a platform allowing for an examination of
traditionally overlooked ecosystem components and user groups (Levin et al., 2009; Zador et al., 2017; Rosellon-
Druker et al., 2020). In particular, the push toward EBFM presents an opportunity to gain a thorough understanding
of how marine mammal and seabird nutrient cycling dynamics can be incorporated into ecosystem management
plans.

Situated in the Northeast Pacific, Southeast Alaska is comprised of the Alexander Archipelago, a region
characterized by a narrow continental shelf; deep fjords; long, narrow channels; nearshore bays; rugged
mountains; and tidewater glaciers (Weingartner et al., 2009). This region has a temperate marine climate with
significant annual precipitation. In addition to precipitation events, Southeast Alaska retains substantial glacial



coverage with glacial runoff that contributes to the volume of freshwater that is discharged into the region
(Weingartner et al., 2009). Little is known of the marine nutrient profiles across Southeast Alaska, however, as past
research has been geographically localized (Sugai and Burrell, 1984; Etherington et al., 2007; Hood and Scott,
2008; Hood and Berner, 2009; Fellman et al., 2010; Arimitsu et al., 2016). As a result, information on nutrient fluxes
in the region is typically generalized from the small pool of existing research in the area in addition to other
geographically similar regions (i.e., Norway; Hop et al., 2002; Oztiirk and Bizsel, 2003). Further, there is no
published research examining the nutrient inputs of marine mammals and seabirds to Southeast Alaska’s marine
ecosystems, which is surprising given the increasing abundance of many species in the region (Marston et al.,
2002; Dahlheim et al., 2009; National Oceanic and Atmospheric Administration (NOAA), 2016; Dragoo et al., 2019;
Muto et al., 2020).

As a first step in addressing this information gap, we developed a qualitative network model (QNM) to examine
how a simulated Southeast Alaska system would respond to multiple marine mammal and seabird perturbation
scenarios. There has been a growing interest in the use of QNMs in EBFM, particularly as a first step within the
National Marine Fisheries Service Integrated Ecosystem Assessment (IEA) framework (Dambacher et al., 2015;
Harvey et al., 2016; Zador et al., 2017; Szymkowiak and Rhodes-Reese, 2020). QNMs require minimal data and
allow researchers to holistically explore how an ecosystem will respond to a perturbation, while being accessible
to scientists and managers alike (Puccia and Levins, 1985; Melbourne-Thomas et al., 2012). By operationalizing
conceptual models, QNMs rely only on the sign of the interacting variables within the system (+,, 0) to construct a
sign directed graph (digraph). The digraph is then reconstructed into a community matrix, allowing for a
probabilistic interpretation of the simulated community response to a perturbation (Melbourne-Thomas et al.,
2012; Reum et al., 2015). Easily adaptable and iterative in nature, QNMs allow researchers to reevaluate variable
interactions as processes, like the IEA, progress and new information becomes available (Harvey et al., 2016).
Because of this, QNMs are increasingly useful in adaptive management scenarios that may otherwise require
considerable amounts of data. Like any modeling technique, they are not without their limitations, but serve as a
useful first step in understanding ecosystem dynamics by providing a qualitative assessment to aid in the
development of EBFM.

The goal of this study is to advance understanding of the ecological significance of marine mammals and seabirds
to ecosystem functioning in Southeast Alaska by examining their role in nutrient cycling. Utilizing QNMs, we model
the contributions of marine mammals and seabirds to the ecosystem and discuss how our results may be used to
inform EFBM.

Materials and Methods

Southeast Alaska Conceptual Model

We examined the ecological role of marine mammals and seabirds within the inside waters of a generalized
Southeast Alaska fjord system during the spring and summer while taking into account their nutrient contributions
(Figure 1). We first developed a conceptual model to depict the key ecological interactions within this ecosystem.
The conceptual model was then operationalized as a QNM, providing a qualitative prediction of how the system
would respond to increases in nutrient inputs from upper and lower trophic levels (Table 1).

FIGURE 1
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Variable

Adult chinook and coho
salmon

Adult chum and pink
salmon

Adult piscivorous fish

Baleen whales
Forage fish

Juvenile piscivorous fish

Juvenile salmon

Local fisheries

Nutrients

Pinnipeds

Primary production
Seabirds

Zooplankton

Components

Oncorhynchus kisutch
Oncorhynchus tshawytscha

Oncorhynchus gorbuscha
Oncorhynchus keta

Arrowtooth flounder (Atheresthes stomias)
Pacific cod (Gadus macrocephalus)
Pacific halibut (Hippoglossus stenolepis)
Pollock (G. chalcogrammus)

Rockfish (Sebastes sp.)

Sablefish (Anoplopoma fimbria)

Humpback whale (Megaptera novaeangliae)

Capelin (Mallotus villosus)

Eulachon (Thaleichthys pacificus)

Pacific herring (Clupea pallasii)

Pacific sandlance (Ammodytes hexapterus)
Arrowtooth flounder

Pacific cod

Pacific halibut

Pollock

Rockfish

Sablefish

Oncorhynchus gorbuscha
Oncorhynchus keta
Oncorhynchus kisutch
Oncorhynchus nerka
Oncorhynchus tshawytscha

Halibut and sablefish longline
Salmon and groundfish recreational fishery
Salmon drift gilinet

Salmon power troll

Salmon purse seine

Nitrate

Nitrite

Phosphate

Harbor seal (Phoca vitulina)

Steller sea lion (Eumetopias jubatus)
Phytoplankton

Mew gull (Larus canus)

Herring gull (Larus argentatus)
Glacous-winged gull (Larus glaucesens)
Arctic tern (Sterna paradisaea)
Common murre (Uria aalge)

Pigeon guillemot (Cepphus columba)

Marbled murrelet (Brachyramphus marmoratus)

Pelagic cormorant (Phalacrocorax pelagicus)
Copepods (Copepoda spp.)

Krill (Euphausiacea spp.)

Larval crustaceans

Larval fish

Enlarge this image.
Relevant ecosystem variables and their linkages were determined from a literature review that included peer-
reviewed literature and agency reports. Links were considered sufficient if a minimum of one paper documented
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the relationship. Literature searches were initially restricted to Southeast Alaska and expanded to the closest
geographical or geographically comparable area if literature on Southeast Alaska was unavailable. Because of the
limited number of publications specifically addressing the influence of marine mammals and seabirds on nutrient
dynamics, literature searches on publications specific to this topic did not have any geographic restrictions (see
Supplementary Table 1 for variable linkages and their supported references). Our model reflects a generalized
depiction of the ecological interactions that occur within Southeast Alaska. Biota that occupied similar ecological
niches were grouped together to enhance overall model stability. Scientific names for species included in model
variables are listed in Table 1.

Marine mammals and seabirds are depicted as three separate variables (Figure 1). Seabirds often congregate in
high numbers in areas where their prey (e.g., forage fish, zooplankton) concentrate (Marston et al., 2002; Arimitsu
et al., 2016). We considered the species most commonly seen in the inside waters of Southeast Alaska during the
spring and summer—gulls, Arctic terns, common murres, pigeon guillemots, marbled murrelets, and pelagic
cormorants (Alaska Department of Fish and Game [ADFG], 2015; Table 1). Pinnipeds, specifically Steller sea lions
and harbor seals, occur in Southeast Alaska year round. Steller sea lions primarily consume forage fish such as
Pacific herring, and there have been instances where >900 individuals congregated in a single bay (Berners Bay) to
feed on spawning eulachon (Marston et al., 2002; Sigler et al., 2004; Womble and Sigler, 2006). The most common
Baleen whale species, the humpback whale, occurs in Southeast Alaska from late spring to fall (Dahlheim et al.,
2009) to consume zooplankton and small schooling fish (Jurasz and Jurasz, 1979; Marston et al., 2002; Boswell et
al., 2016; Straley et al., 2018). Although the role of sperm whales in marine nutrient cycling has been examined
(Lavery et al., 2010), this species rarely occurs in the inside waters of Southeast Alaska. Additionally, Dall's
porpoise (Phocoenoides dalli), harbor porpoise (Phocoena phocoena), and killer whales (Orcinus orca) occur in
Southeast Alaska (Pearson, unpubl. data; Dahlheim et al., 2009) but their role in marine nutrient cycling has not
been fully explored. While sea otters (Enhydra lutris) occur in Southeast Alaska, their presence in inside waters is
still relatively limited (Tinker et al., 2019) and further, their role in marine nutrient cycling has not been fully
explored. Therefore, we did not include odontocetes (toothed whales) or sea otters in our model.

Macronutrients (Nutrients) are primarily sourced from freshwater runoff as well as episodic mixing events within
the region (Weingartner et al., 2009; Arimitsu et al., 2016). The guano and scat from seabirds, pinnipeds, and
baleen whales have also been shown to contain high levels of limiting nutrients that positively influence
phytoplankton (Primary production) growth (Theobald et al., 2006; Roman and McCarthy, 2010; Shatova et al.,
2016), acting as localized fertilization events. Primary production in the region exhibits a large spring bloom,
triggered by the combination of increasing solar radiation following the winter months and physical mixing events
that enhance nutrient levels in the surface layer (Ziemann et al., 1991; Weingartner et al., 2009). Primary
production biomass precipitously drops once nutrients are depleted. Subsequent smaller blooms occur throughout
the summer following periodic weather-related mixing events (Ziemann et al., 1991). Ultimately, phytoplankton
serves as the link between nutrients, regardless of source, and all of the other ecosystem components.
Zooplankton includes a variety of taxa that includes euphausiids, copepods, and larval fish. Primary production in
the area is known to have a positive impact on euphausiid reproduction with spawning periods overlapping with
the spring phytoplankton bloom (Szabo and Batchelder, 2014). Zooplankton is the primary prey item for the
majority of the model variables but relatively little research has been done in the region to examine detailed
species compositions. However, Szabo and Batchelder (2014) reported the presence of four euphausiid species (
Thysanoessa raschii, T. longipes, T. spinifera, and Euphausia pacifica) in Frederick Sound and lower Stephens
Passage during the late spring and summer. Overall, zooplankton is a key prey item for juvenile salmon, forage fish,
juvenile piscivorous fish, and humpback whales (Dolphin, 1987; Burrows et al., 2016; Zador et al., 2019; Fergusson
et al.,, 2020).

Forage fish are primarily comprised of Pacific herring and eulachon. Both species form large spawning
aggregations in the spring and early summer that attract predators from throughout Southeast Alaska (Marston et
al., 2002; Womble and Sigler, 2006). In particular, Pacific herring has been observed to make up more than 80% of



the diet of humpback whales in the area (Straley et al., 2018).

Juvenile salmon fill a similar niche as forage fish, and their size and schooling tendencies make them susceptible
to being consumed by animals such as humpback whales (Chenoweth et al., 2017). Wild and hatchery- raised
Pacific salmon are abundant in Southeast Alaska and are consumed by a variety of predators (Sturdevant et al.,
2012; Duncan and Beaudreau, 2019). The salmon hatcheries throughout the region rear juvenile salmon in
saltwater net pens in nearshore areas to imprint them for release into the wild. When salmon are released,
humpback whales are often observed feeding along shore in areas adjacent to release sites, presumably on
hatchery salmon (Pearson, pers. obsv.). Adult chum and pink salmon are dependent upon zooplankton for the
entirety of their marine residence (Sturdevant et al., 2012; Zador et al., 2019).

Juvenile piscivorous fish primarily comprises Pacific cod, pollock, and flatfish species. They are readily consumed
by pinnipeds when Pacific herring is not available and are a common prey item for adult chinook and coho salmon
(Sturdevant et al., 2012). Adult chinook and coho salmon have been shown to consume zooplankton, but fish
comprise their primary prey items (Sturdevant et al., 2012). Juvenile and adult piscivorous fish inhabit deeper
waters and do not school in the same manner as forage fish and juvenile salmon, making them a secondary prey
item to pinnipeds in most cases, though valuable when preferred prey is not available (Womble and Sigler, 2006;
Sturdevant et al., 2012).

Lastly, multiple local fisheries occur in the region throughout the year. In the summer months, commercial and
recreational salmon fisheries harvest salmon species throughout Southeast Alaska. In addition to salmon
fisheries, the Pacific halibut and sablefish longline fisheries occur from March to November throughout the region.
Qualitative Network Models

To gain a greater understanding of how marine mammals and seabirds interact with the ecosystem variables
described above, we examined eight separate scenarios to demonstrate how the variables within our generalized
Southeast Alaska ecosystem will respond to change. The eight separate scenarios increase (perturb) unique
variables (Table 2) with the QNM that was developed from our conceptual model. These eight scenarios were
considered direct ecosystem responses to increases in either higher (i.e., marine mammals and seabirds) or lower
(i.e., nutrients, primary production, and zooplankton) trophic level components. This allowed for the simulated
ecosystem response to increasing marine mammals and seabird populations to be placed in a broader ecological
context.

TABLE 2
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QNMs provide a qualitative prediction of community response to a sustained (press) or short (pulse) perturbation
and are effective in gaining a preliminary understanding of community interactions in data-limited systems
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(Dambacher et al., 2009; Melbourne-Thomas et al., 2012). Press perturbation experiments assess the long-term
consequences of direct and indirect effects at a new equilibrium. Conversely, pulse perturbation experiments
provoke an instantaneous alteration of a species abundance and examine the return of the community to a
previous equilibrium state (Bender et al., 1984). Press and pulse perturbation experiments are frequently used
together to operationalize conceptual models by creating a signed digraph of community variables with the node
(variable) interaction strength represented as either positive () or negative (+) (Melbourne-Thomas et al., 2012).

A signed digraph was constructed from our conceptual model for Southeast Alaska (described below) in Dia (ver.
0.97.2)1. The R package QPress (Melbourne-Thomas et al., 2012; R Core Team, 2019) was used to analyze the
QNMs constructed from our conceptual model. The QNM framework creates a community matrix from the signed
digraph and expresses matrix elements as the directionality of the variable interactions (=1, *= 1, no link = 0).

To assess how a simulated community will respond to a sustained press perturbation, a community matrix was
created by assigning random variable interaction strengths (community matrix elements: 0, 1) while retaining each
known link direction (positive or negative). Negative self-limitations (negative self-effects) were included in all
variables to account for external processes not included in the system and to enhance overall model stability
(Puccia and Levins, 1985; Raymond et al., 2011; Melbourne-Thomas et al., 2012). The stability of the simulated
community matrix was tested against known criteria following the methods outlined in Melbourne-Thomas et al.
(2012).

Only stable matrices were retained, and the inverse of these matrices was used to determine the predicted
response of the community to a press perturbation. This process was repeated 10,000 times, from which we
summarized the distribution of positive or negative responses of each variable to the perturbation. The impact of
the perturbations was thus examined for each variable across the set of stable matrices. The response of the
individual nodes was expressed as the probability of a given outcome (Melbourne-Thomas et al., 2012). A response
was considered consistent if it was positive or negative 70% of the time, while responses <70% were considered
equivocal (Raymond et al., 2011; Harvey et al., 2016).

Results

The ecosystem response to the marine mammal and seabird scenarios was equivocal overall with 59% of the
variables responding with uncertain results (not clearly positive or negative; Figure 2). Scenario 1 (baleen whale,
pinniped, and seabird increase) elicited a positive response in primary production (75%) and nutrients (78%) and a
negative response in local fisheries (79%), adult piscivorous fish (77%) and juvenile salmon (77%). Scenario 2
(baleen whale increase) elicited an equivocal response from all variables with the exception of pinnipeds (78%) and
seabirds (79%) where the response was negative. Scenario 3 (seabird-only increase) elicited no positive responses
amongst any group; however, baleen whales (79%) and pinnipeds (78%) responded negatively to this scenario.
Lastly, Scenario 4 (pinniped-only increase) elicited a positive response in zooplankton (79%) and nutrients (84%)
and a negative response in adult piscivorous fish (79%) and local fisheries (86%).

FIGURE 2
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The overall response to increases in the lower trophic level variables was equivocal, with 52% of the ecosystem
components responding ambiguously (Figure 2). In particular, baleen whales, seabirds, and adult chum and pink
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salmon responded positively to each scenario. Scenario 5 (nutrient, primary production, and zooplankton increase)
elicited a positive response in baleen whales (78%), seabirds (79%), and adult chum and pink salmon (79%) and a
negative response in adult piscivorous fish (81%). Scenario 6 (nutrient-only increase) elicited a positive response in
baleen whales (78%), seabirds (78%), adult chum and pink salmon (79%), zooplankton (90%), and primary
production (98%) and a negative response to adult piscivorous fish (81%). Scenario 7 (primary production-only
increase) elicited a positive response in baleen whales (79%), seabirds (78%), adult chum and pink salmon (78%),
and zooplankton (90%) and a negative response in adult piscivorous fish (81%) and nutrients (78%). Finally,
Scenario 8 (zooplankton-only increase) elicited a positive response in baleen whales (78%), seabirds (79%), adult
chum and pink salmon (79%), and nutrients (88%) and a negative response in adult piscivorous fish (81%).
Discussion

Air-breathing vertebrates are essential to maintaining a nutrient balance in the marine environment, and their role
in maintaining this balance has been largely overlooked. Researchers have recently begun to underscore the
important role that these animals play in supporting this balance both in the past and present (Doughty et al.,
2013, 2016; Roman et al.,, 2014). This study fills an important gap in the literature by presenting a broad-scale
assessment of the contribution of marine mammals and seabirds to nutrient levels in Southeast Alaska. Our QNM
results reveal that marine mammals and seabirds can make significant contributions to nutrient cycling and
overall ecosystem functioning within Southeast Alaska. However, we caution that due to the inherently descriptive,
exploratory, and simplistic nature of QNMs, these qualitative results should be substantiated with empirical data
collection and rigorous quantitative modeling.

Our results revealed that increasing all three upper trophic level components (Scenario 1) resulted in an increase in
nutrients in our simulated ecosystem. At the same time, however, the overall uncertain results from the individual
increases in upper trophic levels (Scenarios 2—4) demonstrate the adaptability and resiliency of a diverse and
healthy ecosystem in response to a perturbation (Apollonio, 2002; Worm et al., 2006). In contrast, the overall
positive responses to increases in lower trophic levels (Scenarios 5—8) demonstrate the importance of nutrients,
primary production, and zooplankton in maintaining ecosystem function and highlight their key role in regulating
ecosystem productivity.

Work in the Southern Ocean has shown that nutrient inputs from sperm whale, blue whale (Balaenoptera musculus
), and fin whale (B. physalus) fecal plumes can create positive feedback loops leading to enhanced ecosystem
productivity (Lavery et al,, 2010, 2014; Nicol et al., 2010). As the Northeast Pacific and the Southern Ocean have
similar nutrient limitations (Fung et al., 2000), this positive feedback loop is also likely to occur in Alaskan waters.
However, we caution that there is a difference between nutrient availability and input mechanisms between
offshore areas (e.g., central Gulf of Alaska) and the fjord systems of Southeast Alaska.

Our QNM results revealed some surprising relationships. First, increasing baleen whales (Scenario 2) or seabirds
(Scenario 3) did not increase nutrient levels. It is possible that the many sources of nutrient inputs of the fjord
systems of Southeast Alaska (e.g., localized glacial-driven upwelling and mixing events; Weingartner et al., 2009),
as compared to the pelagic systems in which the whale pump and similar processes have been previously
investigated (Lavery et al., 2010, 2014; Nicol et al., 2010; Roman and McCarthy, 2010; Ratnarajah et al., 2014;
Roman et al., 2014, 2016; Wing et al., 2014), require synergistic interactions among top marine predators to elevate
nutrient levels. We also note that guano-derived nutrient enrichment tends to occur at localized scales, even in the
presence of high seabird densities (Wainright et al., 1998; Kolb et al., 2010; Gagnon et al., 2013; Honig and
Mahoney, 2016; Hentati-Sundberg et al., 2020). While the spatial scale of scat-derived nutrient enrichment remains
unexplored, it is possible that this is also limited to localized scales. Empirical testing of these relationships is a
fruitful avenue for future research. Second, zooplankton responded positively to pinnipeds, which consume other
planktivores, such as forage fish, juvenile piscivorous fish, and juvenile salmon (Sigler et al., 2004; Womble and
Sigler, 2006), thus releasing zooplankton from predation pressure. Finally, seabirds and pinnipeds were the only
variables to respond negatively to an increase in baleen whales (Scenario 2), likely resulting from competition for
similar prey sources in this region.



QNMs are a valuable tool for analyzing ecosystem interactions in data-limited systems and provide a means to
guide future studies by bridging information gaps and highlighting relationships that warrant quantitative analysis.
Nevertheless, this method is not without limitations. QNMs are generalized representations of ecosystems and
often require the grouping or omission of variables to achieve model stability. In our study, some key ecological
interactions were omitted for model stability. For example, we did not consider benthic interactions and the
valuable role that benthic organisms play in ecosystem functioning. Fish such as Pacific halibut, walleye pollock,
and Pacific cod are known to prey on benthic macroinvertebrates (Lang et al., 2003; Stoner, 2009; Pirtle et al.,
2012; IPHC, 2014), and benthic species such as juvenile king crab (Paralithodes camtschaticus) have been
identified in diet studies (Stoner, 2009; Pirtle et al., 2012). Further, we did not consider the influence of body size in
our QNMs. Whereas pinnipeds elicited the strongest response in nutrients among the upper trophic level
scenarios, the average mass of adult male and female Steller sea lions (273 and 1,000 kg, respectively; Jefferson
et al., 2015) encompasses the mass of a newborn humpback whale calf (680 kg; Jefferson et al., 2015), which are
both orders of magnitude larger than gulls (1.2 kg for glaucous-winged gulls, Larus glaucescens; Schreiber and
Burger, 2001). Additionally, QNMs in their current forms are not able to weigh model components and thus our
model did not consider the influence of spatiotemporal variability or weigh nutrient inputs according to defecation
location (e.g., baleen whales always defecate at sea while pinnipeds and seabirds defecate at sea and on land).
Finally, QNMs are currently unable to account for time-scale differences (i.e., actual food web mechanisms) in
terms of how populations at different trophic levels will react over time to increases in nutrient inputs or lower
trophic level biomass increases. As such, QNMs are a valuable exploratory tool but these constraints and
limitations should be considered when interpreting the results.

Further, the simplistic nature of QNMs required the exclusion of many components that would benefit from
additional research. For example, while we excluded odontocetes from our model, a greater understanding of their
ecosystem role is critical, especially in regions where interactions between odontocetes and fisheries are
increasing. Anecdotal reports have documented interactions between longline fishing vessels and odontocetes in
Alaska since the 1960s (Dahlheim, 1988). In the mid-1990s, the Alaska Pacific halibut and sablefish longline
fisheries transitioned from derby-style fishery with short, sometimes 1-2 day openers a year, to a catch share
program with a 9-month season. This dramatic extension in the fishing season provided greater opportunities for
killer whales and sperm whales to take advantage of easy prey waiting to be hauled in by fishermen (Hill et al.,
1999; Sigler et al., 2008; Peterson and Carothers, 2013). The urgency of these conflicts has made it more difficult
to examine interactions that are not as easily quantifiable in economic terms (Hanselman et al., 2018) as
fishermen are required to adjust their harvesting strategies to avoid depredation (Peterson et al., 2014;
Szymkowiak and Rhodes-Reese, 2020). Nevertheless, it has been shown that the recruitment of many commercial
fish species, such as sablefish, is positively correlated with chlorophyll-a (Yasumiishi et al., 2014), a common proxy
for primary production. Since primary production is dependent on reliable nutrient sources, and following our QNM
results, it warrants further examination if the ecosystem services provided by whales outweighs the negative
effects incurred by depredation.

The few studies that have assessed competition between whales and fisheries often do not consider the interplay
between whales and lower trophic levels (Croll and Kudela, 2006; Essington, 2006; Surma and Pitcher, 2015). When
considering ecosystem dynamics, marine mammals are oftentimes represented as analogous to fisheries with
both groups depicted as a predator that removes an element from the community (Essington, 2006; Surma and
Pitcher, 2015); however, this perspective neglects the positive feedback interactions between whales, other large
marine vertebrate taxa, and primary production. Furthermore, researchers commonly assess the relative
importance of particular taxa by estimating and comparing the total primary production that must be consumed
along preceding trophic pathways before reaching the consumer of interest. These depictions often fail to examine
the mechanisms that support primary production itself (Croll and Kudela, 2006; Essington, 2006). Previous studies
comparing the primary production required to support whales and commercial fisheries conveyed that baleen
whales repeatedly required less than commercial fisheries, with odontocetes requiring quantities nearer to that of



commercial fisheries (Morissette et al., 2012; Ruzicka et al., 2013).

Based on the results of the present study, we advocate for an EBFM approach that also considers the bottom-up
trophic effects of marine mammals and seabirds in enhancing primary production. The growing momentum for
EBFM has propelled researchers and managers to examine ecosystem dynamics that may have otherwise been
overlooked. Conceptual models and ultimately, QNMs, have become useful tools in the development of EBFM
frameworks and provide a mechanism for overlooked ecosystem dynamics to be evaluated. The utilization of
QNMs in data limited systems allows researchers to elucidate relationships that may have been otherwise
unnoticed and are easily adapted as new information becomes available. The development of adaptive
management strategies allow resource managers and policy makers to make informed decisions that support all
user groups and aid in the long-term sustainability of marine resources.

Historically, marine mammals were heavily exploited (Ivashchenko et al., 2011; lvashchenko and Clapham, 2014)
with some great whale populations, such as the blue whale, having been reduced by more than 90% by commercial
whaling (Branch et al., 2007). Similarly, seabirds were historically exploited for food, guano, and the millinery trade,
which reduced some species (e.g., short-tailed albatross, Phoebastria albatrus) to <50 individuals (Boersma et al.,
2001). The function of marine mammals and seabirds in nutrient cycling has long been overlooked, in part because
substantially depleted populations could be perceived as the status quo (Springer et al., 2003; Ivashchenko et al.,
2011; Ivashchenko and Clapham, 2014; Roman et al., 2014). As many of these populations recover, understanding
their role in ecosystem functioning will become increasingly important.

Conclusion

This study contributes to the growing body of literature revealing that marine mammals and seabirds are
significant contributors to marine nutrient levels and highlights their critical but sometimes overlooked functional
role within the ecosystem. Ecosystem management plans oftentimes consider these taxa only as charismatic
megafauna from a tourism perspective (O’'Connor et al., 2009) or as direct competitors from a fisheries perspective
(Peterson et al., 2014). We recommend a detachment from this dichotomy through application of innovative
methods that will facilitate integration of the ecosystem role of these top predators into successful, holistic, and
sustainable ecosystem-based management practices.
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