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PERSPECTIVE
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Islands support unique plants, animals, and human 
societies found nowhere else on the Earth. Local and global 
stressors threaten the persistence of island ecosystems, 
with invasive species being among the most damaging, yet 
solvable, stressors. While the threat of invasive terrestrial 
mammals on island flora and fauna is well recognized, 
recent studies have begun to illustrate their extended and 
destructive impacts on adjacent marine environments. 
Eradication of invasive mammals and restoration of native 
biota are promising tools to address both island and ocean 
management goals. The magnitude of the marine benefits 
of island restoration, however, is unlikely to be consistent 
across the globe. We propose a list of six environmental 
characteristics most likely to affect the strength of land–
sea linkages: precipitation, elevation, vegetation cover, soil 
hydrology, oceanographic productivity, and wave energy. 
Global databases allow for the calculation of comparable 
metrics describing each environmental character across 
islands. Such metrics can be used today to evaluate relative 
potential for coupled land–sea conservation efforts and, 
with sustained investment in monitoring on land and 
sea, can be used in the future to refine science-based 
planning tools for integrated land–sea management. As 
conservation practitioners work to address the effects of 
climate change, ocean stressors, and biodiversity crises, it is 
essential that we maximize returns from our management 
investments. Linking efforts on land, including eradication 
of island invasive mammals, with marine restoration and 
protection should offer multiplied benefits to achieve 
concurrent global conservation goals.

land–sea linkage | invasive mammals | island management

Historically, many human societies living along the coast 
understood and managed terrestrial and marine natural 
resources interdependently. This management approach, 
known as a ridge-to-reef model in the tropics (1), presupposes 
that the workings of land ecosystems are linked inextricably 
with those of adjacent marine ecosystems. Patterns of 
resource use and management on land, the model holds, have 
direct connections with neighboring marine communities. As 
such, in traditional knowledge, resource use, and manage-
ment measures are considered holistically, balancing the 
interacting demands on terrestrial and marine ecosystems.

In contrast, many modern institutions devoted to environ-
mental management are siloed, building structures that sep-
arate consideration of land and sea. Management, use 

policies, and conservation actions on land are largely 
 unconnected from analogous efforts focused on nearby 
oceans (2, 3). Academic studies in the fields of ecology and 
conservation science are principally single-disciplinary, with 
a strong majority of general journals publishing overwhelm-
ingly about terrestrial systems (4, 5). Funding agencies and 
foundations generally follow the model of separation of land 
and sea set up by academic, research, management, and 
conservation institutions, often focusing investments toward 
either marine or terrestrial research and management 
efforts. The failure to integrate perspectives from across the 
land–sea interface is limiting our ability to tackle the greatest 
problems of our time, impairing efforts to manage resources 
sustainably, protect biodiversity, adapt to a changing climate, 
and create more economically prosperous and resilient 
island and coastal communities (6).

An opportunity to overcome the challenges linked with 
modern siloing by habitat exists in science and conservation 
efforts focused on island ecosystems. Island ecosystems are 
particularly vulnerable to human-induced threats, and the 
ecological impacts of most of these threats are realized 
across each terrestrial and marine habitats. The threats 

Author affiliations: aScripps Institution of Oceanography, University of California San Diego, 
La Jolla, CA 92093; bIsland Conservation, Santa Cruz, CA 95060; cGlobal Island Partnership, 
Papamoa 3187, New Zealand; dWestern Ecological Research Center, U.S. Geological 
Survey, San Diego, CA 92101; ePristine Seas, National Geographic Society, Washington, 
DC 20036; fHawai‘i Institute of Marine Biology, Kāne‘ohe, HI 96744; gDepartment of 
Biology, Stanford University, Stanford, CA 94305; hLancaster Environment Centre, 
Lancaster University, Lancaster LA1 4YQ, UK; iDepartment of Entomology, University of 
Maryland, College Park, MD 20742; jThe Nature Conservancy, San Francisco, CA 94105; 
kDepartment of Ecology & Evolutionary Biology, University of Tennessee, Knoxville, TN 
37996; lDepartment of Biological Sciences and Institute for the Study of the Environment, 
Sustainability, and Energy, Northern Illinois University, DeKalb, IL 60115; mManaaki 
Whenua–Landcare Research, St Johns, Auckland 1072, New Zealand; nRe:wild, Austin, 
TX 78704; oUnited Nations Environment Programme, World Conservation Monitoring 
Centre, Cambridge CB3 0DL, United Kingdom; pOregon State University, Department of 
Microbiology, Corvallis, OR 97331; and qDepartment of Fish and Wildlife Conservation, 
Virginia Tech, Blacksburg, VA 24061

Author contributions: S.A.S., P.A.B., C.B., K.B., N.G.E., C.F., R.N.F., A.M.F., T.F., N.A.J.G., 
D.S.G., N.D.H., W.A.H., H.P.J., M.R., A.S., W.S., B.X.S., H.E.T., R.V.T., C.N.W., C.A.W., and 
B.J.Z. designed research; S.A.S., P.A.B., C.B., K.B., N.G.E., C.F., R.N.F., A.M.F., T.F., N.A.J.G., 
D.S.G., N.D.H., W.A.H., H.P.J., M.R., A.S., W.S., B.X.S., H.E.T., R.V.T., C.N.W., C.A.W., and B.J.Z. 
performed research; P.A.B., C.B., C.W., and B.J.Z. analyzed data; and S.A.S., P.A.B., C.B., 
K.B., N.G.E., C.F., R.N.F., A.M.F., T.F., N.A.J.G., D.S.G., N.D.H., W.A.H., H.P.J., M.R., A.S., W.S., 
B.X.S., H.E.T., R.V.T., C.N.W., C.A.W., and B.J.Z. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.  This open access article is distributed 
under Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-
NC-ND).
1S.A.S. and P.A.B. contributed equally to this work.
2To whom correspondence may be addressed. Email: ssandin@ucsd.edu.

This article contains supporting information online at https://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2122354119/-/DCSupplemental.

Published December 12, 2022.

OPEN ACCESS

http://orcid.org/0000-0003-1714-4492
http://orcid.org/0000-0001-5037-5044
http://orcid.org/0000-0002-7498-0860
http://orcid.org/0000-0001-5324-0380
http://orcid.org/0000-0002-2956-3240
http://orcid.org/0000-0003-4858-006X
http://orcid.org/0000-0001-5654-4785
http://orcid.org/0000-0002-0304-7467
http://orcid.org/0000-0002-3153-4297
http://orcid.org/0000-0002-4280-3288
http://orcid.org/0000-0002-5512-9958
http://orcid.org/0000-0001-7182-3790
http://orcid.org/0000-0001-6471-3366
http://orcid.org/0000-0001-5663-9194
http://orcid.org/0000-0003-2084-5003
http://orcid.org/0000-0001-6823-4311
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ssandin@ucsd.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122354119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122354119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2122354119&domain=pdf&date_stamp=2022-12-10


2 of 9 https://doi.org/10.1073/pnas.2122354119 pnas.org

introduced by invasive mammals offer no exception to the 
view that realized impacts to island ecosystems are linked 
from land to sea. While it is clearly known that invasive mam-
mal management on islands can affect terrestrial landscapes, 
recent studies show that such management also can support 
coupled marine conservation efforts. In the tropical Indian 
Ocean, for example, a recent series of studies linked the den-
sity of seabirds on islands to the functioning of the adjacent 
coral reef community. Islands with high densities of seabirds 
were associated with faster growing reef fish populations, 
more foraging activity by these fishes, and increased rates 
of coral recovery after climate change impacts (7–9). Across 
the temperate Mercury Islands of New Zealand, the density 
of seabirds was positively related to the biodiversity of mac-
roalgae in nearshore marine habitats (10). In each of these 
studies, the density of seabirds was defined largely by the 
current or historic presence of non-native, invasive predatory 
mammals. Further, the mechanism of land–sea connection 
is often tied to the flow of nutrients. Habitats with invasive 
mammals have depauperate populations of seabirds, land 
crabs, and other species linking land and sea, resulting in 
relatively low rates of nutrient input to the coupled island-ma-
rine ecosystem (11–13).

The crises of declining ocean health, biodiversity extinc-
tion, and climate change demand that we use the best avail-
able science, integrated across disciplines, to address impacts 
on island–ocean ecosystems (14) and to support the human 
communities that rely on these ecosystems. Thus, recogniz-
ing the current understanding of the mechanisms and gen-
eralities of land–sea connections and applying them to the 
management of island ecosystems is a priority for collabo-
ration across the marine and terrestrial conservation and 
research fields. To that end, here we i) explore the historical 
context of integrated land–sea management on islands, ii) 
describe evidence of the role of invasive mammals on islands 
interrupting these linkages, iii) present six characteristics that 
principally mediate the strength of land–sea linkages, and iv) 
consider future research and management opportunities. 
Cross-disciplinary study of island–ocean ecosystems is essen-
tial to maximize the value of integrated management action 
toward restoring islands and oceans, benefiting both biodi-
versity and people.

Building from a Legacy of Human Knowledge 
Linking Land and Sea

Traditional ecological knowledge of island–ocean connec-
tions and integrated management practices are well repre-
sented across numerous societies, past and present (15). 
Two key characteristics of this applied concept are that the 
unit of nature is often defined in terms of geographical 
boundaries (e.g., watersheds) and that abiotic components, 
fauna, flora, fungi, and humans within this unit are interde-
pendent (16).

Island inhabitants often see the natural bounds of their 
resource limitations more readily than do those who live on 
continents given the more limited geographic borders of 
available land (17, 18). The close proximity of land and sea 
on islands contributed to the development of integrated 
forms of ecosystem-based management, with management 
zones corresponding to the ecology of the island landscape 

and seascape (19). For example, the ancient Hawaiian water-
shed (ahupua‘a) system encompassed entire valleys and 
stretched from the top of the mountains to the coast and 
shallow marine waters (19) (Fig. 1). It included a forested 
mountain zone, which functioned as a watershed conserva-
tion area protected by taboo (kapu), integrated farming zones 
in the upland and coastal areas, a fringe of trees along the 
coastline for storm and wind protection, and brackish and 
seawater fishponds (20). Variations of this type of integrated 
watershed management were present throughout the trop-
ical Pacific, with examples including Yap (tabinau), Fiji (vanua), 
and the Solomon Islands (puava) (21–23). The common 
theme among integrated watershed management systems 
is the intimate association of a group of people with the land, 
lagoon, and reef, and all that grows on or within them (16). 
This ridge-to-reef stewardship was, and still is in some places, 
reflected in land tenure and management practices recog-
nizing that upslope activities affect people and resources 
further down a watershed and into the ocean (24, 25).

Island ecosystems support unique biological and cultural 
diversity and are also highly vulnerable to natural and 
anthropogenic disturbances (26, 27). Because of the tight 
feedback between ecological and social systems on small 
islands, resource limitations become readily apparent, forc-
ing people to rapidly adjust and adapt to environmental and 
climatic changes (18, 27). The frequency of catastrophic nat-
ural events (e.g., hurricane, tsunami, drought, flooding, lava 
flow) and human-induced disruptions of ecosystems (e.g., 
impacts triggered by invasive species) (28) resulted in the 

Fig. 1. Example of ahupua‘a in Hawai‘i, a drawing by Marilyn Kahalewai, 1974. 
Reprinted with permission from Kamehameha Schools.
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development of socioecological systems that anticipate envi-
ronmental change (29) and plan for rapid recovery. Local-
scale knowledge and observations of changes in weather, 
life history cycles, and ecological processes contributed to 
adaptive management at appropriate temporal scales among 
some island communities (25), with efforts targeting the rela-
tionship with the entire ecosystem, from land to sea. Indeed, 
considering how island communities have integrated eco-
logical knowledge into community change serves as a cata-
lyst for designing novel strategies for adapting to extreme 
challenges, such as the threats of climate change (30). Rich 
local knowledge and associated management practices (e.g., 
agroforestry, fisheries management) play key roles in build-
ing socioecological system resilience (17, 31).

Unpacking Land–Sea Connections—The “Experiment” 
of Invasive Mammals on Islands. Threats to biodiversity 
and human livelihoods are seen clearly on islands (14, 32), 
and the impacts of invasive species are among the biggest 
threats to achieving island management and conservation 
goals (33–35). Invasive species, especially mammals like 
rodents, cats, and goats, have devastated island ecosystems 
(36, 37), decimating and often eradicating untold populations 
of native and endemic species (38–41). The direct effects can 
be particularly profound on populations of seabirds, with 
rapid changes of seabird populations following introduction 
or removal of invasive mammalian predators (38, 42, 43). 
However, the impacts of invasive mammals extend beyond 
direct effects (e.g., predation, devegetation [denuding], 
trampling, digging) and include a broad collection of indirect 
effects (Fig. 2). For example, rodents directly alter plant 
community composition and invertebrate diversity and 
abundance through consumption (37, 44–49) which can be 
measured by their isotopic breadth in these environments 
(50). Following their invasion on seabird islands, rodents can 
transform soil chemistry indirectly by reducing populations of 
seabirds, which reduces the flow of labile nutrients (via seabird 
excretion) into the soil (51, 52). Indirect effects of invasive 
mammals on islands can also manifest as interaction chains, 
which include trophic cascades. For example, brown rats 
(Rattus norvegicus) in the Aleutian Islands impacted invertebrate 
communities indirectly by eliminating the birds that foraged 
in intertidal areas (13, 53). Related studies describe indirect 
impacts on communities and ecosystem properties through 
downstream feedback (34, 54). Invasive ungulates can drive 
population declines and extinctions of native animal species 
through changes in vegetation, such that the landscape can 
no longer sustain these native species (55, 56).

The myriad direct and indirect impacts of invasive mam-
mals in the terrestrial island environment are increasingly 
well-studied. In contrast, how these impacts drive shifts in 
land–sea connections remains relatively understudied. 
Several of the indirect effects of invasive mammals involve 
native island fauna that have life stages spanning land and 
sea. Such taxa can be referred to as connector species. 
Seabirds, land crabs, sea turtles, sea snakes, and pinnipeds, 
for example, all have life cycles at the interface of marine and 
terrestrial systems. Many of these marine-dependent island 
species spend much of their lives at sea, assembling en masse 
when moving between biomes to complete circannual activ-
ities including breeding, overwintering, and molting. For 

example, seabirds exhibit behavior and morphology adapted 
for exploiting marine resources and a reliance on islands for 
safe breeding and rearing habitat for their young. Island hab-
itats are of particular importance to seabirds, as 98 of the 
101 globally threatened seabird species breed on islands 
(57). Seabirds highlight the connectivity of islands to large 
oceans, serving as an ecological connection between marine 
and terrestrial ecosystems. At the extreme, the gray-headed 
albatross (Thalassarche chrysostoma) nests on small islands 
in the Southern Ocean, yet when foraging at sea, they regu-
larly circle the globe (58).

When occupying terrestrial habitats, seabirds and other 
connector species transfer nutrients between land and sea. 
For most connector species, marine-derived nutrients are 
deposited on land through excrement, carcasses, eggs, and 
other reproductive materials, as well as feathers and molt 
(52, 59–63). Connector species disturb the soil via nest exca-
vation, burrowing, and other physical activities, mixing nutri-
ents into the soil and in some cases providing aeration (60, 
64). Changes in soil nutrients and hydrogeology shape bac-
terial, fungal, and plant communities, promoting positive 
changes to invertebrate abundance and diversity, and even-
tually enhancing vertebrate communities (65, 66). The eco-
logical benefits provided by connector species are not 
restricted to terrestrial biomes, but their activities can pro-
foundly influence adjacent marine habitats. For example, 
terrestrial-derived nutrients are introduced to the sea when 
land crabs spawn (12). In addition, nutrient depositions on 
land can transfer to sea through precipitation runoff and 
other hydrologic connections, fertilizing the nearshore envi-
ronment. A 27-fold difference in organic nitrogen in runoff 
waters was documented between islets with and without 
nesting seabirds on Palmyra Atoll in the central Pacific due 
to the prodigious excretion of these connector species (67).

Generalizing the Effects of Land–Sea Connections. The 
terrestrial biota of islands is just a fraction of the broader 
island ecosystem, and connections between land and sea 
are mediated by the interaction of biological processes 
and the island context. However, as we aim to generalize 
patterns of ecosystem connectivity between land and sea, 
we find challenges due to the wide diversity of island types. 
Islands vary in geology, oceanography, climate, and many 
other dimensions, each affecting the strength of functional 
connectivity between land and sea. We note that while 
elements of the biological system define some key elements 
of nutrient flow to the marine community (e.g., density of 
connector species like seabirds), the island context modulates 
the relative importance of this flow (e.g., in nutrient-poor 
marine ecosystems, the influx of seabird-derived nutrients 
will be particularly impactful).

Several studies have identified cases in which interven-
tions on land have affected the ecological dynamics in the 
neighboring marine environment, yet outstanding questions 
remain. Can patterns of land–sea linkage be generalized 
across geographies? Are the observations telling of a ubiq-
uitous ecological pattern, or are these data specific to the 
localities where the studies were conducted? We reviewed 
the literature with a goal to identify common environmental 
factors influencing the strength of land–sea connections. The 
studies spanned disciplines, including ecosystem studies, 
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movement ecology, hydrology, geology, and other fields, with 
a subset integrating insights from multiple disciplines. 
Because of the singular value of insular ecosystems in sim-
plifying process-based environmental studies (32), it was not 
surprising that most of these studies were conducted on 
islands. However, studies lacked consistency in methodology 
and were largely system-specific, with observations tailored 
to the particulars of the research system. As such, tools for 
meta-analysis or quantitative syntheses were impractical. 
Instead, we summarized here the state-of-knowledge based 

upon expert-guided review and synthesis (68). Some com-
mon themes emerge from the literature, which highlight 
environmental conditions that disproportionately affect the 
strength of land–sea connections (69). We explore these 
within the context of potential changes in land–sea linkages 
likely to be associated with island conservation efforts.

The degree of benefit that the marine environment 
receives from invasive mammal eradications and other island 
restoration efforts will depend upon certain factors, both 
biological and physical, that mediate the strength and pattern 
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Fig. 2. Diversity of terrestrial ecosystem changes that have been documented to follow island introduction of invasive mammals. The ecosystem changes are 
linked to the ecology of the invasive mammal, and some of the stereotyped shifts are captured. (A) Pigs are a common invader across islands, often introduced 
deliberately by humans for food. (B) Rats and other rodents are often introduced accidentally, traveling aboard ships and colonizing islands worldwide. (C) 
Goats can be introduced to islands for their perceived value as livestock, but without management can lead to dramatic shifts to island ecosystems. Note that 
the effects of invasive mammals will vary based upon the natural history of the island and the exact species of invader.
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of the land–sea connections. The responses of wildlife pop-
ulations, especially of connector species, are among the dom-
inant change linked with eradication efforts. However, an 
estimate of how such population changes may propagate 
into significant shifts in both land and sea functioning will be 
based upon the geographic properties of the island. We sub-
mit that the following geographic properties most strongly 
mediate the strength of land–sea linkages: i) precipitation ii) 
elevation, iii) vegetation cover, iv) soil hydrology, v) oceano-
graphic productivity, and vi) wave energy (Fig. 3).
Precipitation. Rainfall acts as the main "flushing" mechanism 
for land-to-sea connections. As a result, differences in 
precipitation across island types will drastically change an 
island's connectivity with its local marine ecosystem. Given 
that a major form of functional connection between terrestrial 
and marine communities is through exchange of bioavailable 
nutrients that travel in surface waters, understanding 
watershed dynamics helps clarify expectations of land–sea 
linkages. All other factors held equal, increasing precipitation 
will increase the strength of connection between land and 
sea (70, 71). Further, we expect the pattern of precipitation 
to modulate the linkage, with more pulsed precipitation 
producing more direct linkages (e.g., with less percolation 
through the soil and more surface flow during intense rainfall 
events). However, precipitation patterns alone fail to fully 
capture the quantitative specifics of the hydrological system, 
as other island characteristics, including elevation, vegetation 
cover, and soil hydrology, modulate the pattern and rate of 
flow from land to sea (70).
Elevation. The flow of water from land to sea is linked 
to geology, including specifics of the island's elevational 
topography. Island hydrogeology is variable due to the 
complexities introduced by unique geomorphologies 
across and within island types globally. While there is some 
inconsistency in how best to categorize island types in the 
current literature, there are general trends we explore 
for the purpose of this review. Most applicable is the 
contrast between low-lying, high-permeability islands with 
a freshwater lens versus high-elevation hard rock islands 

with high runoff and basal aquifers (72, 73). The distinction 
is especially topical as it gives a general guide delineating 
which island types will experience high land–sea linkage 
versus those with low linkage. High elevation islands can be 
expected to experience rapid land–sea linkage under high 
rainfall conditions, due to the more extensive and often 
steeper slopes forcing the majority of precipitation into 
surface runoff. Conversely, we expect low-lying islands to 
experience less of an immediate increase in connectivity with 
increased precipitation due to a greater percentage of the 
precipitation being held in the aquifer or freshwater lens.
Vegetation cover. Plant community composition differs 
dramatically across islands, ranging from sandy atolls devoid 
of vegetation, to shrub- and grass-dominated islands, to varied 
forest types of temperate and wet tropical islands worldwide. 
Further, the composition of vegetation along the coast can 
influence the flow of nutrients and sediments from land to 
sea (e.g., mangrove, wetlands). The structure of the plant 
community has multiple effects on the movement of water 
from land to sea. Plant community composition can impede 
or facilitate the population recovery of connector species to 
numbers sufficient to drive nutrient flows. Plants can increase 
net surface evaporation, and thus the latent heat flux from 
soils via transpiration and canopy evaporation (74, 75). 
Independent of the effects on moisture convergence flux and 
its influence on precipitation, an increase in evapotranspiration 
(i.e., evaporation from the land plus transpiration from plants) 
translates to a decrease in the total water moving from land 
to sea. Additionally, structurally complex plant communities 
such as forests access different water sources depending on 
the root structures of the plant community (76). Due to the 
higher water demand of complex plant communities, soil 
moisture content often is found to be higher in grasslands 
than woodlands (77–79). As such, one may expect an increase 
in groundwater and drop in surface runoff as a function of 
increasing vegetation cover and complexity.
Soil hydrology. Islands vary substantially in their soil 
characteristics, with diverse microbial compositions and 
ranging from thick, rich, and humic to thin, porous, and 

Rainfall

Elevation
Vegetative
CoverSoil

Permeability

Upwelling

Oceanographic
Flow

Nutrient subsidies

Fig. 3. Geographic factors that have been shown to influence the strength of land–sea linkages. Factors are largely linked to the rate of water flow from land 
to sea as well as the nutrient context of the nearshore marine environment. Note that these factors play a particularly strong role in mediating the impact 
of nutrient subsidies, much introduced from allochthonous origin through connector species (e.g., seabird excretion), to members of the coastal ecosystem.
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sandy. In general, thicker layers of soil with higher biological 
content tend to retain water for longer periods of time, 
thus reducing water flow from land to sea. While relative 
permeability of soil is a primary factor determining the 
magnitude of land–sea connections, the complexities of the 
soil ecosystem further affect the types of nutrients and other 
materials that can flow from land to sea. Soil permeability 
buffers the influence of rainfall through its effects on water 
retention and evapotranspiration (80, 81). Soil permeability 
also provides an independent vector of land–sea connectivity 
via submarine groundwater discharge, which introduces a 
distinct source of dissolved nitrogen, phosphate, and silicate 
to nearshore ocean waters (81–83). The soil ecosystem 
can modify nutrient concentrations and profiles through 
geological and biological mechanisms, ultimately modifying 
the extent of land–sea linkages.
Oceanographic productivity. Marine habitats 
experiencing significant amounts of upwelling have 
reliably higher nutrient concentrations and higher marine 
productivity. Marine environments with naturally high 
nutrient concentrations are more resistant to alterations in 
terrestrial nutrient input volume, given that these systems 
are already highly productive. Allochthonous input will only 
have strong effects if the resource being transported is 
scarce in the recipient ecosystem (63, 84, 85). For example, 
corals benefit from nutrient input with accelerated growth 
rates in highly oligotrophic environments, but not in 
eutrophic conditions (86). However, nutrient-enriched 
systems can still be sensitive to some alterations in 
nutrient stoichiometry; phosphate from terrestrial runoff 
shifted nutrient ratios in the already nutrient-rich marine 
communities off the southwest coast of India in 2016, 
leading to an algal bloom (87).
Wave energy. Just as local oceanography influences nutrient 
availability in nearshore marine ecosystems, nearshore 
bathymetry and oceanographic flow govern the residence 
times of nutrients in nearshore marine habitats. High-wave 
impact and strong currents can dilute terrestrial input to 
the marine ecosystem, decreasing the strength of land–sea 
connectivity (9, 10, 88). However, features of an island’s 
geomorphology can introduce complexities to patterns of 
oceanographic flow. For example, lagoonal habitats (created 
by barrier islands or reefs enclosing nearshore marine 
waters) are shallower, more enclosed areas that tend to 
experience lower dilution rates relative to the surrounding 
ocean. As such, lagoonal habitats are especially sensitive 
to terrestrial input of any kind, as terrestrial runoff and 
submarine groundwater discharge tend to pool in lagoons 
and remain concentrated for extended periods of time 
(89, 90). Features that reduce water exchange with open 
ocean waters tend to increase potential for strong land–sea 
linkages.

Applying Ridge-to-Reef Understanding to Maximize 
Cobenefits of Island Interventions. Since islands and 
adjacent marine habitats are connected, the removal of 
terrestrial invasive mammals can affect the sea. Therefore, 
where one or more mediating properties favor land–sea 
linkages, invasive mammal eradication, biosecurity to 
prevent reinvasion, and restoration of native flora and 
fauna on islands can be important nature-based tools 

to benefit adjacent marine environments. Eradications 
remove direct threats to island–marine ecosystems and have 
indirect benefits via restoration of connector species that 
can lead to positive impacts on marine habitats, especially 
where mediating factors align to create strong land–sea 
connections. Yet not all islands offer the same opportunity 
for marine conservation through their land–sea linkages. 
Where marine conservation is among the primary drivers 
of management action, invasive mammal management 
plans may be prioritized on islands where not only the direct 
effects to terrestrial threatened species are high, but also 
where strong land–sea connections are expected to result 
in maximized marine cobenefits.

As we summarize our understanding of mediating prop-
erties associated with strong land–sea connections, chal-
lenges remain in operationalizing this understanding for 
conservation planning. To begin with, geographic compari-
sons of ecological expectations depend upon collection and 
review of geographically consistent data. The growing collec-
tion of global environmental databases provides consistent 
information that can be leveraged to provide quantitative 
estimates of informative geographic characteristics of islands 
across the world. While such databases provide the raw infor-
mation necessary to create cross-comparable views of geo-
graphic contexts, summarizing such data to align with specific 
applications (such as summarizing data at the scale of an 
island or its nearshore waters) depends upon consistent 
methods of data processing. We provide information in the 
SI Appendix describing a robust approach for estimating the 
relative value of each mediating property for islands world-
wide using globally comprehensive and publicly available 
databases.

Collating data on the relative values of likely properties 
that mediate the strength of land–sea connectivity is a crit-
ical first step, but converting such data into actionable infor-
mation is not straightforward. The mechanisms of land–sea 
connectivity are nonindependent, yet each metric often 
reports distinct information (e.g., with one metric consistent 
with high connectivity and another consistent with low con-
nectivity; SI Appendix). As such, interpreting the net effects 
of multiple mediating factors should be conducted with cau-
tion; whether mediating factors act independently or inter-
actively will dramatically affect emergent patterns of 
land–sea connectivity for a particular set of geographic con-
ditions. Instead, more holistic approaches of interpretation 
may offer insights into potential marine effects linked with 
island restoration efforts. Transparent presentation of geo-
graphical context, especially in comparison with other 
islands, provides information to complement other knowl-
edge bases linked with decision-making that is critical to 
time- and cost-intensive conservation interventions like 
island restoration.

Our synthesis of how invasive mammal eradication 
efforts can influence marine conservation through land–sea 
connectivity is built upon an integration of disparate data 
sources, with only limited data available from case studies 
of successful island restoration efforts themselves. We thus 
can view our understanding as a set of hypotheses that can 
be tested quantitatively. Currently, when resources for 
monitoring efforts are available, most invasive mammal 
island restoration efforts are complemented with 

http://www.pnas.org/lookup/doi/10.1073/pnas.2122354119#supplementary-materials
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monitoring efforts that document changes in the terrestrial 
island ecosystem. A unique opportunity exists to coordi-
nate monitoring around restoration efforts, including sys-
tematic data collection from the land and the sea. As 
consistent collections of data describing both land and sea 
emerge, the importance of the mediating factors presented 
here can be tested. As systematic data on land and sea 
build further, the proposed metrics describing important 
factors mediating the strength of land–sea connectivity can 
be modified to increase predictive power, with the potential 
to reveal new mediating factors or perhaps novel combi-
nations of factors that hold particular significance (e.g., 
through interactive effects). Presenting the state of under-
standing regarding factors known to maximize the strength 
of land–sea connectivity is in no way the terminus of scien-
tific contribution to conservation action, but instead, given 
sustained investment in monitoring and coordination 
across restoration projects, this effort is a step in the iter-
ative path of applied science informing critical conservation 
action.

Island restoration projects around the world, especially 
of those islands with the geographic contexts that create 
stronger island–marine connections, present opportunities 
for benefiting ecosystems above and below the waterline. 
Marine management today is dominated by calls for spatial 
management, with many advocates targeting a goal to pro-
tect 30% of the world’s oceans by the year 2030. As com-
munity members, leaders, and funders invest precious 
financial and social capital into achieving local marine pro-
tection goals, there is pressing motivation to document 
realistic benefits from protection. Coupling marine protec-
tion and island restoration actions may present an addi-
tional opportunity to present more visible and immediate 
benefits, such as expanded ecotourism and increased resil-
iency to storms, that may further galvanize communities to 
continue to protect and restore their island–ocean ecosys-
tems. On islands where land–sea connections are predicted 
to be stronger, measures to restore island ecosystems may 
be a notably compelling addition to a marine management 
and conservation portfolio. Ant Atoll in Pohnpei State of the 
Federated States of Micronesia, for example, sees high rain-
fall along with other conditions consistent with high land–
sea connectivity (SI Appendix, Table S1). Given insights 
gained through this geographic contextualization, the tra-
ditional leader (Rohsa) and community members vested in 
strengthening marine conservation around the atoll may 
desire to further evaluate elimination of invasive mammal 
stressors and restoration of seabird populations as an 
opportunity to benefit coral reefs and other marine habitats 
in tandem with ocean protection efforts. The application of 
knowledge regarding land–sea connectivity to resource 
management in Pohnpei State has strong precedent, as 
evidenced by a campaign to migrate riverside cultivation of 
an important shrub (sakau; Piper methysticum) from high- to 
low-elevation areas to minimize sediment flow to adjacent 
marine habitats (24).

In any management prospectus, there will be many cri-
teria that drive the prioritization of focal geographies, 
including goals of terrestrial biodiversity restoration, climate 
change mitigation, and local socioeconomic viability. 
However, in many island systems and island communities, 

much value can be placed on the potential for marine 
cobenefits. Our review adds valuable insights to inform 
expectations for associated marine conservation benefits 
across island contexts and geographies. With consideration 
of these island characteristics and further assessment, con-
servation investments can be made with more foresight of 
likely benefits, and island constituents can embark on con-
servation efforts with informed expectations of outcomes 
(e.g., linked with stronger or far-reaching marine cobenefits 
in some cases, and more modest marine cobenefits in oth-
ers). Notably, many opportunities exist to expand our 
knowledge of the ecological complexities of island–ocean 
connectivity. The frameworks of adaptive management and 
evidence-based conservation provide valuable guides for 
applying the best available knowledge as informed hypoth-
eses to advise decision-makers to advance integrated island 
and ocean conservation today, while promoting research 
to refine management recommendations into the future 
(91–93).

Pathways to Improve Application of Holistic 
Ecosystem Restoration of Islands. Our understanding 
of land–sea connections across the globe spans multiple 
knowledge systems, including long-standing human 
knowledge from island communities through diverse 
perspectives from ecological and environmental sciences. 
However, our knowledge is limited by a lack of coordinated 
learning across geographies and fields. Large collections 
of data from both past and future restoration efforts need 
to be shared and integrated to explore generalities (and 
differences) in patterns of cross-ecosystem linkages. While 
conservation practitioners should use the knowledge in 
hand today, we also need a broader set of data covering 
various biogeographical and geomorphological settings 
of land–sea connections to better analyze the impact 
of invasive mammal eradications on island–marine 
restoration. With the growth of a coordinated and 
accessible set of quantitative observations, island and 
ocean managers will be better able to direct efforts to 
maximize their impacts for both terrestrial and marine 
conservation gains. Eradications of mammals on islands 
have (and will) benefit marine environments, but without 
standardized monitoring of the island–ocean ecosystem 
around these interventions, we will neither fully understand 
the benefits achieved nor be able to refine the management 
tools to maximize conservation impacts.

The urgent conservation needs of islands and oceans 
prompts new and expanded collaborations between island 
communities who have been managing these systems for 
generations, scientists with the expertise to collect and inter-
pret a consistent set of terrestrial and marine data, and con-
servation practitioners carrying out invasive mammal 
eradication projects and associated restoration actions. 
Through collaborative learning, we can expand the use of 
management and conservation tools to realize both terres-
trial and marine benefits. For generations, human societies 
managed islands in an integrated manner. For this genera-
tion and beyond, we can apply related insights through coor-
dinated action and learning toward the ultimate goal of 
effective and impactful island and marine system 
stewardship.

http://www.pnas.org/lookup/doi/10.1073/pnas.2122354119#supplementary-materials
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Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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