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ABSTRACT OF THE THESIS 
  

The Mediating Factors of Land-Sea Connectivity on Islands 

  

by 

  

Ceiba Becker 

  

Master of Science in Marine Biology 

University of California San Diego, 2022 

Professor Stuart Sandin, Chair 

 

Abstract 

Are island ecosystems connected to their nearshore marine environment? 

Islands are global biodiversity hotspots and the management of their natural resources 

is vital to the maintenance of global biodiversity and the survival of Earth's life support 

systems. However, both research and management have been slow to incorporate the 

importance of land-sea connections into their practice. Terrestrial and marine habitats 

are inextricably connected; incorporating the connections between the two to any 
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research or management of these systems will improve efficacy by improving the 

resolution of our understanding of ecosystem drivers. If we are to incorporate land-sea 

connectivity into research and management, we first need to clarify our understanding 

of the patterns and variability of connectivity across geographic and biological contexts. 

The focus of this paper is to identify the factors mediating the ecological connection 

between land and sea on islands, which can be interpreted to determine the local 

importance of land-sea connectivity and identify candidate mechanisms defining the 

connectivity. With more detailed understanding of land-sea linkages, there is opportunity 

to apply this knowledge toward applied issues of island resource management and 

restoration. Using a practical case study of island restoration, we operationalize our 

proposed factors mediating the strength of land-sea connectivity to compare a set of 

islands targeted for restoration efforts, creating a prioritization based upon the island-

specific estimated potential for improved land-sea connectivity and associated marine 

co-benefit of terrestrial management. 
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Introduction 

Land-sea connectivity on islands is defined by multiple ecosystem factors, 

including the biology and ecology of species living on islands and the specifics of the 

physical environment of the land and sea. For example, erosion is a driving force behind 

land-sea connectivity on islands, forcing both organic and inorganic materials into 

nearshore environments. Furthermore, an island's geological structure, as well as its 

location, alters the local oceanographic patterns that can either concentrate or dilute 

any terrestrially derived materials. The diversity of factors influencing land-sea 

connections creates a complex perspective of cross-ecosystem connectivity, 

challenging the current philosophical isolation of terrestrial and marine habitats on 

islands.  

While land-sea connectivity is largely driven by environmental factors, the most 

immediately relevant source of cross ecosystem connectivity comes from “connector 

species” which are fauna generally living in one ecosystem but using a neighboring 

ecosystem to hunt or to forage.  These species are connectors in that they actively 

transport materials from one ecosystem to another, oftentimes in very large quantities. 

In the last few years, studies have started focusing on a perspective that links land and 

sea ecosystems; such studies have focused largely on seabirds, and their marine 

impacts on near-shore environments such as littoral zones and coral reefs (Kolb 2010, 

Graham & Benkwitt 2021, McCauley et al. 2012). For example, Kolb et al. 2010 found 

that seabirds were a significant source of nutrients to nearshore littoral communities in 

the Baltic Sea. Gagnon (2013, 2015) continued to explore land-sea connection while 
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adding ecological context and finding that cormorants could in fact have both bottom-up 

and top-down effects on benthic communities through nutrient subsidy and selective 

predation. Further, in several geographically distinct locations across the tropics, studies 

on marine islands have found similarly significant impacts of seabirds with coral reefs. 

These pioneering land-sea studies have found that seabirds cannot only increase the 

resilience of the reef by increasing the biomass of functionally important coral reef fish, 

particularly herbivorous parrotfish, and calcifying algae, but the excretion of these 

seabirds can provide nutrients for the corals themselves to assimilate, increasing coral 

growth rates therein (Graham et al. 2021, Savage 2019). 

While a handful of studies continue to investigate mechanisms of land-sea 

connectivity in situ, they serve to highlight the conceptual divide between land and sea 

studies in the ecological sciences. Researchers and managers working on land or sea 

ecosystems often conduct their work in ‘silos’, focusing principally on their single 

ecosystem. Such professional ‘siloing’ serves to compartmentalize the way we 

approach natural resources, thus simplifying our management of each. However, the 

potential ecological implications of land-sea connectivity are not functionally 

independent, and our understanding of integrated island ecosystems requires integrated 

investigation. Here we suggest that there is unique value in incorporating land-sea 

connectivity in our consideration as a means to improve efficacy and efficiency of 

natural resource management and research on islands. Land-sea connectivity is 

complicated, and to truly understand the extent to which islands impact their nearshore 

environments we need more focused attention on the state of knowledge of integrated 

land-sea linkages. Here we review the currently available literature to flesh out those 
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factors most relevant to determining the level of land-sea connectivity on a given island. 

We hope this thesis may serve as an initial steppingstone encouraging further studies 

as well as the incorporation of land-sea linkage into management practices on islands 

where connectivity is clearly strong. Efficiently conserving island ecosystems is key to 

preserving global biodiversity as well as reaching humanity’s goals for a sustainable 

future (De Wit et al. 2020).  

The goal of this thesis is to lay the groundwork for mitigating the philosophical 

divide in the current paradigm of marine and terrestrial science with a hypothesis on the 

main globally relevant environmental factors mediating the strength of the land-sea 

connection on a given island.  This thesis is organized into two core processes: an 

expert guided literature review of the currently available literature to determine themes 

of connectivity and operationalizing these themes into actionable metrics to be used in a 

global analysis land-sea connectivity on a suite of marine islands. The islands used in 

this analysis were suggested by our NGO partner Island Conservation as potential 

targets for terrestrial eradication. This provided us with an additional opportunity: to use 

the mediating factors to establish the strength of the land-sea connection on each 

island, allowing us to prioritize these conservation targets by their potential for the 

nearshore marine ecosystem to co-benefit from terrestrial eradication.  
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I. Exploring the State of Knowledge for Land-Sea Connectivity 

To bridge the gap between land and sea, we conducted a coordinated review of 

the disparate literature on all the potential mechanisms connecting the two. In total, we 

reviewed and added roughly 500 peer reviewed papers to our final select literature 

database. The results of this study are the product of a collaborative effort between 

academic institutions, the Center for Marine Biodiversity and Conservation, and the 

NGO Island Conservation to establish the state of the science on the potential for 

terrestrial eradications to impact an island’s nearshore marine environment.  While 

biological aspects of land-sea linkages were explored as part of the greater literature 

review, here we focus on the physical and environmental aspects of these connections, 

as they are key globally relevant mediators of land-sea connectivity on islands.  

  Once all the relevant literature had been reviewed a draft describing the findings 

for each focused section was prepared, which were then compiled before undergoing a 

lengthy consultation period. During this period, our findings were reviewed by all those 

involved in the project. The process of this coordinated review followed the advised 

expert guided review outlined in Foo et al. (2021). While many relevant studies were 

conducted on islands, we also included mechanism-specific studies conducted on 

continents. 

In recent years several studies have linked the impacts of eradications to the 

resilience of their nearshore environments and have begun exploring the mechanisms 

of these cross-system linkages in situ. However, no study has reviewed all possible 

linkages from land to sea on islands across island types to date. Here we reviewed the 
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currently available literature describing the potential mechanisms connecting the 

terrestrial environment to its nearshore marine habitat. Based on this review, we 

identified four main themes determining land-sea connectivity on islands: island 

hydrology, terrestrial vegetation, oceanographic context, and anthropogenic impacts as 

being the main themes.  

 

 

I. Island Hydrology 

Precipitation acts as the main “flushing” mechanism for land-sea interactions. As 

a result, differences in precipitation across island types will drastically change an 

island's influence on its local marine ecosystem. Increasing precipitation will inevitably 

increase an island's land-sea connectivity, however, the relative increase in connectivity 

will be dependent on a variety of physical factors. Here, we parse out what determines 

the difference in the impact of increased precipitation between islands. We suggest that 

as average precipitation increases, its direct and indirect impact on the local marine 

environment can be summarized as a function of the island’s geomorphology and thus, 

its hydrology. Specifically, the island’s perimeter:area ratio, spatial distribution of soil 

permeability, presence of an aquifer or lens, and the island’s total evapotranspiration. 

Given the published literature indicating the key typology of island hydrology to be 

dependent on elevation and geology, we will focus on these main guiding factors in our 

breakdown of the impact of island hydrology on land-sea connectivity. 
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(i) Perimeter: Area Ratios 

The perimeter:area ratio of islands is a measurement with several applications 

due to its nature as a ratio independent of island size (Feder 1988). Polis & Hurd 1995 

& 1996 found it to be an effective proxy for the relationship between terrestrial 

productivity and marine input on an island. This is due to the mathematical scaling of 

coastlines being linear while island area scales as a squared function, leading small 

islands to have more coastline per unit area and thus more marine input per unit area 

via beach wrack. The perimeter:area (P:A) ratio of an island describes the sea-land flux 

of that island as the terrestrial productive capacity of the island (area) in relation to the 

size of the channel through which it interacts with the ocean (perimeter) (Polis & Hurd 

1995, Polis & Hurd 1996). According to the P:A ratio as a proxy for terrestrial 

productivity to marine input, land-sea connectivity should scale up proportionally with 

island size. However, cross-system linkage species such as seabirds may disrupt the 

scaling of this relationship by increasing connectivity regardless of coastline restrictions. 

Additionally, Polis & Hurd studied islands in the Gulf of California which are among the 

driest ecosystems in North America in terms of annual rainfall (Polis & Hurd 1995, Polis 

& Hurd 1996). This may have contributed to unusually low lower bounds for land-sea 

connectivity.  

 

(ii) Soil Permeability 

Soil permeability across islands is largely dependent on the basic geology of the 

island in addition to the island's maximum and average elevations; however, as a 
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general rule, less permeable soils result in a greater percentage of precipitation 

becoming runoff and thus increasing land-sea connectivity (Falkland 1993, Robins 

2013). Island hydrogeology is highly 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 

some general trends that can be agreed upon and explored for the purposes of this 

paper. Most applicable here is the distinction between low-lying, high permeability 

islands with a freshwater lens versus high elevation, hard rock islands generally 

displaying high runoff and basal aquifers (Falkland 1993, Robbins 2013). This 

distinction is especially applicable for this paper as it gives a general guide delineating 

which island types will experience high land-sea connectivity in time and space versus 

those with low connectivity as precipitation is increased. High elevation, low 

permeability islands can be expected to experience increases in land-sea connectivity 

under high rainfall conditions, due to the low permeability rock and high elevation 

forcing most of the precipitation into surface runoff. Conversely, low-lying, high 

permeability islands are generally expected to experience less of an increase in 

connectivity with increased precipitation due to a greater percentage of the precipitation 

being held in the aquifer/lens.  Basal aquifers exist on most islands making them 

globally relevant to island hydrology. However, low-lying limestone islands tend to have 

aquifers in the form of “freshwater” lenses while volcanic islands have basal or perched 

aquifers. Additionally, the perimeter: area ratio is a measure of the hydrological flux of 

an island, as precipitation is a function of area but can only cross into the sea via the 

perimeter of an island. Smaller, shorter islands such as low-lying atolls are expected to 
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have a less significant increase in land-sea connectivity following increases in 

precipitation when compared to larger, taller islands with all other factors held constant. 

 

(iii) Subterranean Groundwater 

The spatial distribution of soil permeability is not only a buffer on the effect of 

rainfall through its effects on water retention and evapotranspiration (Falkland 1993, 

Robins 2013), but also exists as an independent vector of land-sea connectivity via 

submarine groundwater discharge (SGD) (Silbiger et al. 2020, La Valle et al. 2019). 

SGD has been shown to influence the temperature, pH, nutrient concentrations, and 

total alkalinity (TA) of nearshore marine environments and can be traced using Ra 

isotope activity (Bishop et al. 2017, Paytan et al. 2006, Blanco et al. 2011, Silbiger et al. 

2021, La Valle et al. 2019). The increased residence time of subterranean groundwater 

(SG) allows for more water-rock interactions to occur, distinguishing it from surface 

runoff. Phosphate is relatively highly reactive and thus tends to sorb to aquifer 

materials, causing SGD to have decreased concentrations of phosphate (Bishop et al. 

2017). The hydrolysis of silicate materials is directly linked to the intensity of water-rock 

interactions. While it is a slow process, concentrations of both SiO3 and 13C are known 

to increase gradually with groundwater residence time (Santoni 2016).  

Both nitrification, the conversion of ammonia to nitrate by bacteria, as well as 

denitrification, the conversion of nitrate to nitrogen gas by bacteria, occur in SG. 

Ultimately, studies show SGD to be a significant source of dissolved nitrogen in the form 

of NH4, NO3, and NO2-  as well as PO43- and SiO3- (Silbiger et al. 2020, Santoni 2016, Ji 
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et al. 2013). In a study on Hainan Island, Ji et al. 2013 found the average 

concentrations of dissolved inorganic nitrogen (DIN), PO43- and SiO3- for surface runoff 

to be 15.6, 5.7, and 8.1, respectively, finding contrarily the average concentrations of 

DIN, PO43- and  SiO3- for groundwater to be 218, 12, and 171, respectively. Relative to 

surface runoff, SGD may be more concentrated in DIN and silicate with lower 

concentrations of phosphate. 

 In addition to nutrients, SGD can have significant effects on pH, TA/DIC, and net 

ecosystem calcification and productivity (NEC/NEP) therein. Many studies have found 

SGD to contribute to increases in pCO2 and decreases in pH (Wang et al. 2014); 

however, Silbiger et al. 2020 point out the importance of the context of the near-shore 

marine environment when considering effects on pH. Depending on the maximum 

values and range of net ecosystem productivity, inputs of low pH and high CO2 may 

actually feed productivity and bring an increase in pH. Most important to consider when 

considering the effects of SGD on DIC, pH, and TA is the relative TA of the nearshore 

environment to that of the SGD. Total alkalinity represents the buffering capacity of 

seawater, and thus the greater the TA of the nearshore environment, the more resilient 

it is to perturbations of pH by high CO2 SGD. Cyronak et al. 2013 found SGD to be a 

significant source of TA into Muri lagoon in the Cook Islands and claimed SGD had the 

potential to be 6 times higher than oceanic TA. Impacts of SGD on TA are highly 

variable by island type and depend mainly on the geology of the island as well as the 

TA and ecosystem conditions of the local nearshore environment. 
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II. Terrestrial Vegetation 

We know the terrestrial biome not only impacts the nearshore marine ecosystem 

directly but also acts as a mediating factor on the significance of land-sea connectivity. 

We hypothesize this effect to be primarily dependent on island vegetation cover and 

complexity. The main pathways of mediation on land-sea connectivity by terrestrial 

biology include stabilization of sediments, translation of surface runoff to groundwater, 

diversification of terrestrial nutrient input, increased evapotranspiration and latent heat 

fraction therein, in addition to decreased total water contribution.  

 

(i) Impacts of Terrestrial Vegetation on Hydrology 

Sedimentation to the marine environment can have significant impacts on 

ecosystem functioning and resilience in the long term across island types (Aumack et al. 

2007, Dunkell et al. 2011). Sedimentation occurs through a number of mechanisms, all 

of which involve surface sediment destabilization and lead to increased suspended 

sediments in surface runoff. While many species of vertebrates contribute to the 

destabilization of surface sediments, most notable are the impacts of burrowing, sharp 

hooves, and overgrazing of riparian (streambank) vegetation. Invasive ungulates have 

been known for decades to overgraze native vegetation, particularly riparian vegetation 

(Roper & Saunders 2020), causing shifts in community structure that generally decrease 

streambank stability (Dunkell et al. 2011). Less stable streambanks contribute to 

increased suspended sediments in stream water, and consequently in nearshore marine 

habitats such as coral reefs and kelp forests (Dunkell et al. 2011). Therefore, we can 
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expect islands with more cover of vegetation and specifically more complex riparian 

vegetation to exhibit less sedimentation to the nearshore marine environment.  

Plant community composition differs drastically across islands, ranging from a 

sandy atoll void of any vegetation, to the barren shrub and grass-dominated Tristan de 

Cunha, to the jungle of tropical high islands worldwide. This diverse array of communities 

has distinguishable effects on the movement of water from land to sea. Plant communities 

have been shown to increase surface evaporation, and thus the latent heat flux from soils 

via transpiration and canopy evaporation (Osbourne et al. 2004, Sud et al. 1996). This 

helps cool the surface temperature while increasing moisture convergence.  Independent 

of the potential effects on moisture convergence and its influence on precipitation, this 

increase in evapotranspiration translates to a decrease in the total flux of water from land 

to sea. Additionally, more complex plant communities, such as forests, have been shown 

to preferentially access different water sources depending on the root structure of the 

plant community. Several studies have found that due to the higher demand of these 

more complex plant communities, soil moisture content is often much higher in grasslands 

than woodlands (Midwood et al. 1998, Dawson & Ehleringer 1998, Krull et al. 2006). We 

predict that an increase in groundwater and drop in surface runoff can be expected as a 

function of vegetation cover and complexity, for islands where surface runoff is relevant. 

Tree canopies intercept rainfall; thus, with greater leaf area, less precipitation reaches the 

soil surface to accumulate and runoff. Additionally, the presence of more significant root 

structures, such as those present in trees as opposed to grasses, increases the infiltration 

of rainfall into the soil profile (Osbourne et al. 2006). Both of the previous mechanisms 

increase as a function of vegetation cover and complexity. However, the small 
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topographic gradient and high permeability of many low-lying atolls make surface runoff 

irrelevant, thus increasing vegetation simply decreases groundwater recharge (Werner et 

al. 2017, White et al. 2002, White et al. 2010). In fact, transpiration dominates total 

evapotranspiration on many low-lying atolls (White et al. 2002, White et al. 2010). 

Essentially, low-lying atolls may have soils with high runoff potential, but they also often 

have a high percentage of their area covered by vegetation which sucks up the 

groundwater, forcing the fresh groundwater lens into a state of constant recharge and 

leaving little extra water for runoff. 

 

(ii) Impacts of Terrestrial Vegetation on Nutrient Profiles 

While plant communities may differ greatly between islands, the presence of even 

the most basic plant community can be expected to diversify nutrient profiles entering the 

nearshore marine environment in the form of direct litterfall, dissolved organic matter 

(DOM), and particulate organic matter (POM) (Delong & Brusven 1994, Peterson et al. 

2003). Litterfall is the direct effect of weathering on vegetation resulting in dead plant 

mass, such as leaves reaching the ground. Litterfall increases with plant community 

complexity: herbaceous habitats have very low litterfall, while deciduous tree habitats are 

amongst the highest (Delong & Brusven 1994). On the other end of the size spectrum are 

contributions of dissolved organic matter. DOM consists of organic forms of carbon, 

nitrogen, sulfur, and phosphorus, generally smaller than 0.7µm.  

Plants may also mediate the composition and concentration of nutrient profiles 

entering the nearshore marine environment through their modification of soil nutrient 
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profiles via plant cycling, nutrient leaching, and nitrification in the rooting zone (Jobaggy 

& Jackson 2001). Plant cycling and nutrient leaching work in opposite directions and are 

dependent on local environmental parameters (i.e. local limiting or abundant nutrients).  

Plant cycling is the process of nutrients being brought above ground into vegetation 

before being recycled as litter, creating shallower nutrient pools with concentrations 

decreasing with soil depth. Contrarily, leaching creates the opposite nutrient profile with 

nutrients gradually being removed from soil by root systems above the maximum rooting 

depth, below which nutrients are concentrated due to their positioning outside the reach 

of plant roots. Studies on horizontal nutrient patterns in soils have revealed that plant 

cycling can lead to “fertility islands” in systems where nutrients in soils may be scarce on 

average, such as under trees in the savannah or shrubs in deserts (Zinke 1962; Belsky 

et al. 1989; Jackson & Caldwell 1993; Schlesinger et al. 1996; Burke et al. 1998).  

However, soil nutrient profiles, de facto, are dependent on a combination of these 

processes as well as their mediation by the soil microbiome and climate. In a global 

analysis of soil nitrogen patterns, Post et al. 1985 concluded that nitrogen and C:N 

ratios were mainly dependent on Holdridge life zone. Holdridge life zones are defined by 

biotemperature, precipitation, and the potential evapotranspiration/precipitation ratio 

(Post et al. 1982). To summarize, there are three main zones of distinct nutrient cycling 

processes. The first, wet tropical, can be classified by large amounts of soil nitrogen 

associated with recalcitrant humic materials in an advanced state of decay, and low C:N 

ratios. The second, temperate, can be classified by moderate carbon & nitrogen storage 

and variable C:N ratios. Lastly, wet tundra is characterized by high carbon & nitrogen 

storage with high C:N ratios. Holdridge life zones are still applicable and in use today 
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(Jungkunst et al. 2021), thus, we suggest their application in contextualizing the impact 

of different island plant communities on the diversification of terrestrial input to the 

marine environment. The diverse array of plant communities between islands globally 

can be expected to diversify and increase the terrestrial nutrient input to the nearshore 

environment via DOM and litterfall as a function of vegetation cover, complexity, and 

Holdridge life zone. 

 

(iii) Oceanographic Context 

 

(i) Oceanography 

The oceanographic conditions of an island can have a significant impact on the 

level of land-sea linkage experienced by the local marine environment. Coastal 

oceanography defines the abiotic parameters of the marine environment and thus the 

local ecosystem existing within it. This can also influence the level of land-sea 

connectivity present on an island either positively or negatively. High wave impact can 

dilute any terrestrial input to the marine ecosystem, decreasing local land-sea 

connectivity (Kolb et al. 2010, Benkwitt et al. 2021). Although indirectly, upwelling can 

have a similarly negative effect on the land-sea connectivity by increasing the 

productivity of the marine system to the point of terrestrial influence becoming 

comparatively negligible. Contrarily, lagoonal habitats may have the opposite effect on 

connectivity by facilitating the pooling of terrestrial runoff and subterranean 

groundwater, leading to increased nutrient concentrations and a positive effect on land-
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sea connectivity (Fujita et al. 2014). Therefore, oceanography has the potential for 

diverse effects on land-sea connectivity, all of which are modulated by bathymetry. 

Several attempts have been made to model the hydrological relationship 

between terrestrial runoff and local oceanography that ultimately determines the degree 

to which coastal marine ecosystems are impacted by watershed discharge (Cogle et al. 

2006, Paris-Cherubin 2008, Mckergow et al. 2005). In the following section we 

synthesize the findings of current literature for the purpose of hypothesizing 

oceanographic conditions under which strong land-sea connectivity may be expected.  

In marine habitats that favor upwelling, we see reliably higher nutrient 

concentrations and higher marine productivity as a result of the upwelling nutrient-dense 

water. Environments with naturally high nutrient concentrations are more resilient to 

alterations in terrestrial nutrient input volume as these systems are already highly 

productive. Due to the context-dependency of resource subsidies, allochthonous input 

will only have strong effects if the resource being transported is scarce in the recipient 

ecosystem (Polis et al. 1997, Marczak et al. 2007, Subalusky et al. 2018). In a study on 

coral growth, Gill et al. 2017 found that corals are likely to benefit from nutrient input in 

highly oligotrophic environments, while the opposite is true for corals in high nutrient 

conditions. This illustrates the contextual importance of the marine environment. 

However, nutrient-enriched systems are still sensitive to alterations in nutrient 

composition, and it is also possible for high upwelling to be triggered by a particular 

limiting nutrient. For example, phosphate from terrestrial runoff creates the perfect storm 

by perfecting nutrient ratios for algal blooms as seen off the southwest coast of India in 

2016 (Kumar et al. 2020 ). Due to the eutrophic nature of upwelling regions, they are 
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expected to be more resilient to input from terrestrial runoff on average. However, 

should the right limiting nutrients be introduced into the system, upwelling regions areas 

are also at higher risk of algal bloom.  

Lagoonal habitats are shallower, more enclosed areas that tend to experience 

less water flow, higher temperatures, and higher temperature variability under normal 

conditions. For these reasons, lagoonal habitats are especially susceptible to terrestrial 

input of any kind, as terrestrial runoff tends to pool in lagoons and remain concentrated 

for extended periods of time. Using isotope analysis of macroalgal nitrogen on the low-

lying Pacific Fongafale atoll, Fujita et al. 2014 found that oceanic algae likely received 

most of their nutrients from upwelling while algae in the lagoon close to populated areas 

received most of their nutrients from terrestrial sources. While development on 

Fongafale Island is concentrated on the lagoonal side of the atoll, these results point to 

the increased effects of terrestrial pollution in the lagoonal habitat, as opposed to the 

decreasing effects in the oceanic habitat. Water residence times of lagoons vary 

considerably with lagoon size but can be anywhere from a couple of days to months.  

 

(ii) Nearshore Marine Ecosystems 

There are several near-shore marine ecosystems that are highly linked to the 

terrestrial environment and thus deserve special attention when considering land-sea 

connectivity. In this section, we highlight key nearshore ecosystems particularly 

vulnerable to terrestrial impact, including coral reefs, mangroves, kelp forests, and 

seagrass beds. 
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Several studies have shown the positive impacts of terrestrial vertebrate 

eradications on coral reefs in populations of fish as well as sessile benthic organisms. 

However, these effects are dependent on the island's degree of land-sea connectivity as 

well as the local biomass of marine herbivore populations and cannot be assumed to 

hold true for all island types. For coral reefs with low herbivore populations, increased 

nutrient concentrations are likely to lead to macroalgal dominance and potential phase 

shifts as has been seen on many Caribbean coral reefs (Hughes 1994). However, 

Savage 2019 conducted a transplant experiment between highly similar reef sites inside 

MPAs to show the positive effect of seabird nutrient subsidies on coral growth rates. 

This study found some coral fragments of the species Acropora formosa to grow at 

rates of 15 cm/y when transplanted to seabird islands, amongst the highest recorded in 

the current literature. This demonstrates how significantly nutrient input can positively 

affect coral under the right environmental circumstances. Graham et al. 2018 studied 12 

islands in the Chagos archipelago and found that seabird nutrient enrichment increased 

biomass of all functionally important coral reef fish with the greatest effect being on the 

most important functional group - herbivores. Thus, nutrient input has the potential not 

only to benefit keystone habitat-forming coral but can also help to facilitate an 

environment conducive to reef growth. In fact, one study found that seabird nutrient 

subsidies lead to higher cover of crustose coralline algae (CCA) and Halimeda following 

a bleaching event, two calcifying algae species that could contribute to increased reef 

resilience to bleaching (Benkwitt et al. 2019).  

While each of the previous studies represent positive effects of nutrient subsidies 

from seabird colonies on coral reefs, it is important to note that each of these studies 
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was conducted in highly pristine reef environments with high fish (particularly herbivore) 

biomass. On the other hand, Fabricius 2005 emphasizes the complexity of the 

relationship between terrestrial runoff and coral reef health, pointing to the potential for 

DIN to reduce calcification, reproduction, and increase the competitive dominance of 

algae (Fabricius 2005). Fabricius 2005 also points out that while corals have a capacity 

for heterotrophy, some can rely entirely on heterotrophy for short periods; high 

concentrations of POM favor true heterotrophs and alter the oligotrophic conditions in 

which corals are competitively dominant (Fabricius 2005). Overall, coral reefs are 

globally important nearshore ecosystems that need to be considered when planning 

terrestrial management as well as vice versa. 

Mangroves represent key land-sea ecosystems that provide a number of 

ecosystem services, including some particularly applicable to land-sea connectivity, such 

as filtration of terrestrial pollutants, erosion control, and habitat for land-sea linkage 

species such as seabirds (Nagelkerken et al. 2008, McFadden et al. 2016, Mumby et al. 

2004). The opposite effect is equally important, in that key land-sea linkage species can 

have strong positive effects on mangroves and their ecosystem services. McFadden et 

al. (2016) showed that seabirds nesting in mangroves contributed to significantly higher 

biologically important nutrients in mangrove soils as well as vegetation. This is a clear 

example of how nutrient enrichment from seabirds has the potential to increase mangrove 

growth rates, carbon sequestration, and mangrove ecosystem services. Mangroves 

provide habitat for both seabirds and fish communities, hence in some cases mangrove 

restoration also has the potential to effectively revive populations of both these cross-

ecosystem species. In the Gujarat region of India, mangrove restoration has contributed 
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roughly 500 million USD to the commercial fishing industry by providing nursery habitats 

for commercially relevant fish (Das 2017). Keller et al. (2017) analyzed the importance of 

mangrove ecosystems as buffers of anthropogenic pollution of a nearby landfill to the 

marine environment, specifically to a marine protected area. In their field survey, all 

samples containing high heavy metal concentrations representing pollution were found 

on the side neighboring the landfill, while none were found on the marine region of the 

mangroves. This indicates that the mangroves appeared to effectively filter out the 

anthropogenic pollutants, preventing them from degrading the local MPA. Mangroves 

provide a number of cross-ecosystem services, all of which may benefit from healthy 

seabird populations. 

Seagrass beds are a unique form of land-sea connectivity, as they represent the 

only true marine plant. However, they are also unique in their provision of ecosystem 

services, including carbon sequestration, nutrient retention and recycling, ecosystem 

engineering, and support of coral reef productivity and biodiversity (Campagne et al., 

2015, Cullen-Unsworth et al., 2014, Nordlund et al., 2016). Seagrass beds also provide 

food sources to the terrestrial environment in the form of living tissue to some coastal 

vertebrates, sea wrack, as well as by supporting terrestrial invertebrate biomass (Heck 

Jr. et al. 2008). Thus, where present in nearshore habitats, seagrass beds are an 

important consideration for terrestrial and marine management. Seagrass beds can be 

particularly susceptible to terrestrial input, with numerous studies showing the negative 

effects of increased siltation, sediment runoff, and organic matter concentrations to be 

amongst the greatest threats to seagrass habitats globally (Quiros, 2017, Bach et al., 

1998, Mascaró et al., 2009, Orth et al. 2006). Quiros et al. (2017) identifies the importance 
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of considering land use when setting up marine reserves by analyzing the covariance of 

seagrass bed variables with those of the MPA versus those of nearby land use. They 

found that the MPA had no effect on seagrass condition, while terrestrial protection had 

significant positive effects, and area of farmland and human development had the 

strongest negative effects.  

Kelp forests represent vital nearshore biodiversity hotspots, as kelp are ecosystem 

engineers that provide habitat and a food source not only for commercially relevant fish 

species but for a wide array of fish and invertebrate species along temperate coasts 

globally. Since kelp must attach to the benthos via a holdfast while existing in the shallow 

photic zone, they are restricted to habitats directly adjacent to shorelines and are highly 

susceptible to terrestrial input via any mechanism. Several studies have shown the 

negative impacts of sedimentation on kelp communities, primarily due to increased light 

scattering by suspended sediments and decreased photosynthetically active radiation as 

a result (Aumack et al. 2007). 

 

 

(iv) Anthropogenic Context 

Humans are one of the most significant modulating factors of any environment in which 

they are present, thus they have a significant impact on the level of land-sea 

connectivity on islands. The presence of humans on an island generally translates to 

deforestation, urban development, agriculture, as well as pollution of many forms such 

as sewage, plastics, agricultural runoff, and heavy metals. As discussed earlier in this 
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section, decreases in vegetation cover and complexity as well as in soil permeability all 

lead to increased surface runoff. While the presence of humans on islands has rarely 

translated to a positive impact on nearshore marine ecosystems, it can certainly be said 

that the presence of humans on islands increases land-sea connectivity. Thus, as we 

not only increase land-sea connectivity but create additional polluting forms of land-sea 

connectivity, it’s only logical that we take land-sea connectivity into account as we study 

and manage our own natural resources. However, for the purposes of this study, we’ve 

excluded the anthropogenic mediation of land-sea connectivity due to its complexity and 

its ties to local culture and national development. 

 

 

Operationalizing the Mediating Factors of Land-Sea Connectivity 

After reviewing the current literature relevant to land-sea connectivity on islands, 

a few general themes emerged as globally important factors mediating land-sea 

connectivity on islands. Based on these themes, we suggest total precipitation, soil 

permeability, terrestrial vegetation cover and complexity, elevation, nearshore wave 

energy, and nearshore nutrient concentrations to be the most critical globally relevant 

mediating factors of connectivity. When these mediating factors align, they create the 

perfect physical and environmental conditions for strong land-sea linkage and thus 

healthy marine ecosystems. To further investigate the validity of our mediating factors of 

connectivity, we conducted a prioritization exercise to determine which island 

environments currently house strong land-sea connections and thus potential for marine 

co-benefit. In our attempt to qualitatively analyze these mediating factors of connectivity 
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to predict the level of land-sea connectivity across a range of island types, we simplified 

each of our mediating factors of connectivity into a single metric. This involved not only 

determining the most relevant and quantifiable metric for each factor, but also ensuring 

that there was minimal overlap between metrics. All of these mediating factors of 

connectivity are interconnected and related in some form, and in order to qualitatively 

analyze their associations, it’s key that each metric contains maximal distinct 

information.   

To complete this task, we gathered the best data available for each of the 

factors. Most of the data used for this analysis is satellite data and thus is simply 

extracted from the relevant database. Once we acquired the data, we organized data for 

each mediating factor into 7 categorical ordinal groups. This grouping style allowed us 

to more readily compare the land-sea linkage on each island, using these linkage 

values to create a final land-sea linkage score by summing the categorical ordinal value 

in each mediating factor for each island. The ordinal nature of each mediating factor is 

dependent on its impact on land-sea connectivity. More precipitation means more 

linkage between the two ecosystems, and thus islands with greater precipitation receive 

a higher linkage value for their precipitation cell. This process follows for each mediating 

factor and is explained in greater detail below. 
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I. Metrics Defining the Strength of Land-Sea Connectivity 

 

(i) Precipitation 

Total annual precipitation is the most important first order metric for defining the 

impact of precipitation on an island's land-sea linkage. Given our assumption of 

precipitation acting as a flushing mechanism, the total annual precipitation gives us an 

idea of exactly how much flushing is happening. While incorporating the annual number 

of rainy days or the maximum versus average precipitation may have fine-tuned our 

metric to better capture the amount of runoff caused by precipitation, we chose to stick 

with the total precipitation to better capture the flushing effect in its totality. Additionally, 

total precipitation has been used in several other ecological studies as a climate metric 

(Weigelt & Kreft 2013). For the purposes of this qualitative analysis, we used a 30year 

average annual total precipitation value for each island. 

The precipitation data were collected from Worldclim version 2.1 (Fick and 

Hijmans 2017), a global database of historical climate data. The data from Worldclim 

are derived from the MODIS satellite system with a spatial interpolation for missing 

data. Data used here were the 30 s interval precipitation per pixel averaged by year, 

and we calculated a mean annual precipitation value for each pixel from 1970-2000. 

Then, for each island, all pixels that created the least convex polygon of the coastline 

were selected, and a mean of pixels was reported in units of mm y-1. To determine 

ordinal linkage values for our precipitation data, we created seven categories evenly 

distributed across the range of precipitation values observed. The highest values of 
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precipitation were given the highest category score.   

 

(ii) Soil Hydrology 

To define the impact of soil types on land-sea connectivity we focused on the 

impact of distinct soil types on island hydrology. Due to our assumption that 

precipitation acts as the main flushing mechanism connecting land and sea, the relative 

importance of soil types is in their potential to saturate and create surface runoff. For the 

purpose of this analysis, the soil hydrology dataset from Ross et al. 2018 is a perfect fit. 

Their dataset includes globally consistent data for runoff potential based on soil texture, 

bedrock depth, and groundwater at 250m spatial resolution.  

Soil hydrology data was accessed manually from the Global Hydrologic Soil 

Groups (HYSOGs250m) for Curve Number-Based Runoff Modeling on NASA’s 

EarthData site, via the Spatial data access tool (SDAT). This is a global map including 

pixels for all land masses corresponding to the hydrologic soil groupings distinguished 

in Ross et al. 2018. In their study of the soils of the world, they grouped the world's soils 

into four hydrologic groupings to simplify determining runoff potential. However, they 

also included an additional 3 groupings that are relevant only to wet soils with relatively 

full water tables. These additional 3 groupings are defined with a “/” to signify the 

moisture level dependence of these soils. Essentially, for an “A/D” soil, the soil 

hydrology will represent group A when it is well drained but will be more representative 

of group D when the water table is full. Soils with less infiltration and high runoff are 

expected to have a positive impact on land sea linkage, thus from strongest to weakest 
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linkage value, the soils were ranked as follows: Group D, Group D/A, Group C, Group 

C/A, Group B, Group B/A, and Group A. 

 

(iii) Vegetation Cover 

For the purposes of this project, we used a simple single ecosystem approach for 

estimating the impacts of ecosystem type on land-sea connectivity. Given the overlap 

between Holdridge life zone and our precipitation metric, we simplified the metric for the 

impact of the terrestrial biome to the spatially dominant ecosystem type on each island. 

Data describing vegetation cover were collected from the Esri Global Ecosystem 

Explorer layer (Hall 2020). The Global Ecosystem Explorer provides a range of 

ecosystem information and is unique among ecosystem data layers in providing 

consistent data across land features of all sizes (including small islands, which are often 

omitted in other data layers). Vegetation data for an island are reported as the most 

common cover type across the island area. While many islands have heterogeneous 

vegetation landscapes, the most common vegetation type serves as a parsimonious 

description of the integrated island area without introducing unfounded assumptions that 

would be required to average effects across multiple vegetation types.  

Vegetation cover differs from the other 5 mediating factors in that defining and 

ordering the impact of each ecosystem is less dependent on the variation within our 

dataset, and more dependent on the current understanding of the influences of 

vegetation on hydrology and nutrient fluxes. In essence, the denser the vegetation the 

greater its complication of land-sea connectivity. We know from our meta-analysis of the 
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mediating factors that grasslands hold more water than woodlands, forests with greater 

leaf area decrease the percentage of precipitation reaching the ground, and that tree 

roots allow more water into the soil allowing for less runoff (Midwood et al. 1998, 

Dawson and Ehleringer (1998), Krull et al. 2006, Osbourne et al. 2006, Werner et al. 

2017, White et al. 2002). Thus, we ordered the ecosystems in order of greatest to least 

connectivity: desert, temperate grassland, savanna, Mediterranean scrub, tropical dry 

forest, temperate deciduous forest, and tropical moist forest.  

 

(iv) Elevation  

For the purpose of this study, we’ve selected maximum elevation as our metric 

for the impact of elevation on land-sea connectivity. The impact of elevation on land-sea 

connectivity is dependent on many other geomorphologic variables unique to the island 

such as the distribution of impermeable soils, island area and thus its slope, as well as 

orographic effects and heterogeneity of island topography. However, given the positive 

correlation between elevation, precipitation, and runoff, we assumed that maximum 

elevation would capture the impact of elevation on land-sea linkage without being too 

complex or overlapping with our other metrics for the mediating factors (Garcia-Martino 

et al. 1996). 

Elevation data were collected from Esri elevation layers. Esri elevation data are a 

synthesis of multiple elevation datasets that are optimized to create a consistent 

elevation profile across the globe (Wilson 2018). The elevation layer was standardized 

with a resolution of 24 m in the digital elevation model, given that this was the finest 
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resolution available across all 44 restoration target islands. The maximum elevation of 

the land within the island’s coastline was reported here in units of meters. Several 

studies have found logarithmic functions to describe the relationship between 

precipitation and elevation, which would support the use of log-transformed bins in 

defining the impacts of elevation on runoff and thus land-sea linkage (Vicuna et al. 

2011). Given the non-linear effects of elevation on island hydrology, ordinal linkage 

values were based upon a logarithmic spacing of values, distributed across the range of 

maximum elevation values observed. The highest values of elevation were given the 

highest category score.  

 

(v) Chlorophyll Data 

For the purposes of this study, chlorophyll-a is used as a proxy for the impact of 

oceanographic productivity on land-sea connectivity. Nearshore nutrient concentrations 

provide the context for the relative importance of any nutrient input from an island to its 

nearshore environment (Subalusky et al. 2018). The impact of allochthonous input to 

the local marine ecosystem will be relative to the local nutrient concentrations. Islands 

with higher average nearshore nutrient concentrations will need more allochthonous 

nutrients for a measurable ecological effect to occur.  Chlorophyll acts as a proxy for 

phytoplankton biomass in nearshore waters, which we assume to be dependent on local 

nutrient levels and fluxes. While this is a complicated relationship, and nutrient pulses 

resulting from runoff often force phytoplankton communities from nitrogen limitation to 

phosphorus limitation, its generally assumed to be true that increased nutrient 

concentrations will result in some level of increased algal biomass (Hoyer et al. 2002, 
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Meng et al. 2022, Ringuet & Mackenzie 2005, Zheng et al. 2007). Given that nutrient 

concentrations are the main drivers for variance in chlorophyll-a concentrations, we 

utilized satellite data on nearshore chlorophyll-a concentrations as a proxy for 

nearshore nutrient concentrations.  

Oceanographic productivity was estimated using a common proxy of 

concentration of chlorophyll a pigments in the shallow, nearshore waters, reported in the 

units of mg m -3. Chlorophyll a concentration is estimated from spectral data from the 

MODIS-AQUA satellite, covering the global oceans. Because of challenges associated 

with reflectance from terrestrial and benthic habitats, spectral data were used only 

within a buffer area seaward of, but not including, pixels covering the 60-m isobath or 

shallower, following published methods (Gove et al. 2013). Given the non-linear effects 

of nutrient availability on marine processes, ordinal linkage values were based upon a 

logarithmic spacing of values, distributed across the range of oceanographic 

productivity values observed. The lowest values of oceanographic productivity were 

given the highest category score. 

 

(vi) Wave Data 

The oceanographic context of any given island is likely to be a complex 

combination of surface currents, coastal waves, tidal effects, wind speed and direction, 

and finally oceanographic current flows. However, if theoretically, a natural resource 

manager had to decide which island to put a sewage pipe on, it might be said that 

between the local oceanography of, for example, Escudo de Veraguas in the Western 

Caribbean and Gough Island in the South Atlantic, the decision would be obvious. The 
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ocean around Gough simply has more energy than Isla Escudo de Veraguas, and thus 

provides an example of an island on which we’d expect nearshore nutrient input of any 

kind to have a short residence time in the nearshore environment. While it may be an 

oversimplification, we included wave energy as a metric to account for differences in the 

signal from a calm lagoonal habitat to an open ocean island such as Gough. 

Additionally, wave energy has been used as an ecological metric for dispersal of 

allochthonous nutrients in similar studies of land-sea connectivity (Kolb et al. 2010, 

Brocke et al. 2015). The most important driver of connectivity here is the allochthonous 

nutrients’ residence time in the nearshore environment, and as such would be the ideal 

metric of the oceanographic context for land-sea connectivity on a given island. 

However, given the array of in situ measurements as well as the potential for 

complications created by the heterogeneities of island coastlines, we’ve simplified the 

metric to the islands total wave energy.  

Wave energy was estimated based upon a synthesis of products from NOAA’s 

WaveWatch 3 global wave model. Island-specific products were extracted from a 0.5 

degree grid cell that contained the island’s areal centroid. Information on estimated 

wave height, period, and direction were combined to create an integrated estimate of 

annual mean wave energy following published methods (Gove et al., 2013) reported in 

the units of kW m-1. To determine ordinal linkage values for our wave energy, we 

created seven categories evenly distributed across the range of values observed. The 

lowest values of wave energy were given the highest category score. 

.  
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II. Global Comparison of the Mediating Factors across Islands 

 

(i) Target Island Table 

The table below is a result of our efforts and in its totality displays summary data 

on the mediating factors of connectivity for 45 islands. The initial purpose of this table 

was to use the mediating factors to establish the strength of the land-sea connection on 

each island. Once the strength of the connection between terrestrial and marine 

ecosystems has been established on each island, we can share this information with 

our partners to contribute to the prioritization of limited resources for maximal 

conservation benefit. 

In order to simplify conceptualizing land-sea linkage on islands, we created a 

“linkage score” for each island. Visible in the last column, the score is simply a sum of 

each island's respective score for each of the mediating factors of connectivity. Thus, 

each island's value for a given factor can be grouped into one of 7 ordinal categories, 

where 7 is the highest land-sea linkage and 1 is the lowest.  
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Table 1: Metrics describing the values of defined factors mediating the strength of land-
sea connectivity. Data are collected for 45 islands that are targets for eradication and 
terrestrial restoration efforts from management colleagues. Columns are the mediating 
factors and rows are individual islands. The color shading indicates ordinal binning 
based on hypothesized impact on land-sea connectivity, defined the in table key at the 
bottom. 
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The table consists of a high range of island types, with a significant 

representative diversity present for each mediating factor. What stands out immediately 

is the lack of a consistent source of strong linkage across the islands and their factors. 

Islands with the highest linkage scores are all a mix of factors with some, but not all, 

indicating high connectivity. Surprisingly, not all of the mediating factors have to align 

with strong linkage values in order for an islands terrestrial-marine connection to be 

significant.  

In the islands with the highest connectivity scores, each island has an 

exceptionally strong linkage outlier for at least one column. For example, The 

Marquesas Islets have relatively high precipitation, high runoff potential soil, relatively 

low nutrient concentrations and wave energy, high elevation, but they have the most 

complex terrestrial vegetation. The Marquesas Islets remain amongst the highest 

connectivity islands despite the complex vegetation bringing down the linkage score. 

Gough island stands out with a linkage score hindered mainly by its 

oceanographic conditions. Gough is just south of the 40-degree latitude in the Atlantic 

Ocean and thus has strong wave energy around its coasts and is, relative to the other 

islands, small. Gough is an example of an island with linkage scores that were impacted 

by the log transformation, however the final linkage score of Gough remained the same. 

This is because the ordinal value for Gough's elevation went up because of the 

transformation, but its value for chl-a went down. This fluctuation of values balancing 

out resulting from the log transformation occurred for Gough as well as the other top 8 

islands. 
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Socorro stands out as having a series of strong linkage values but has group A 

soils and very low levels of annual precipitation. Group A soils are well-drained and 

gravelly, allowing for high infiltration and low runoff even during high pulse precipitation 

events. The impact of Socorro’s well-drained soils is likely exacerbated by its high 

elevation, relative to atolls with similar soil as atolls will have a small depth to the water 

table. 

Although the table covers an extensive range of island types, these analyses are 

not representative of all islands but simply the ones focused on for eradication and 

conservation action today. For example, there are significantly more atolls than other 

island types, and as a result more tropical islands than temperate. While it's impossible 

to know the underlying impacts of this, we can certainly say that the results of our 

correspondence analysis of island-ocean linkage will be disproportionately driven by, 

and thus applicable to, tropical atolls. The table we created is full of valuable data and 

likely has more in-depth trends than we can interpret by strictly observing it. 

 

(ii) Patterns of Covariance of the Mediating Factors of Connectivity 

In order to conceptualize the data provided by the table and discuss trends and 

relationships present therein, we ran a correspondence analysis on the linkage table 

itself. Correspondence analysis is a convenient tool for investigating the association 

between islands, mediating factors, and between the mediating factors themselves. 

Correspondence analysis uses a similar formula to a Chi-square contingency test by 

creating residuals from expected values based on the data itself. These Chi square 
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distances help us better understand the relative associations that exist within our 

dataset.  

 

 

  

Figure 1: Correspondence Analysis biplot with mediating factors color-coded based on 
their cosine squared value. X and Y axes are the first, and thus greatest variance, 
dimensions from the correspondence analysis. Higher cosine squared value 
corresponds to greater strength of association between a mediating factor and the 
island datasets variance. 
 

Figure 1 is a simple biplot based on the correspondence analysis of our island-

marine linkage table with only the mediating factors themselves depicted. Each 

mediating factor is colored based on their respective cosine squared value. This value is 

an indicator of the level of association between the mediating factors and the variance 

amongst islands. The higher the cosine square of a mediating factor, the more of the 

dataset's variance is represented by that factor. This is interesting to consider, as 
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according to this analysis, vegetation cover represents more variance than any of the 

other mediating factors, followed by elevation.  

While we expected precipitation to have the strongest influence, vegetation cover 

and elevation certainly fit the bill. Vegetation cover and complexity influence not only the 

quantity and diversity of nutrients reaching the nearshore habitat, but also influence soil 

hydrology itself with potential for long-term implications. Additionally, the cover and 

complexity of terrestrial vegetation inherently contain information on the other terrestrial 

mediating factors of connectivity given that terrestrial biomes directly depend on the 

local climate. Elevation has the second highest cosine squared value. Given that island 

hydrology has been historically classified into two main functional types, either “high-

rise” or “low-lying” islands, it follows logically that elevation would describe a great deal 

of variance between islands (Falkland 1993, N.S. Robbins 2013). It’s important to 

consider the relative importance of the mediating factors not only for understanding 

land-sea connectivity but also for prioritizing metrics for research, management, or 

conservation action should resources be scarce for a particular project.  

Moving into more theoretical space, we can analyze the following biplot in Figure 

2, with red labeled triangles representing islands and blue arrows pointing out the 

strength and direction of association of the mediating factors.  
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Figure 2: Symmetrical biplot of the correspondence analysis on land-sea linkage table. 
Blue arrows depict the direction of association between the mediating factors and axes 
while red triangles are the islands plotted onto the first two dimensions of the CA as 
axes. X and Y axes are the first, and thus greatest variance, dimensions from the 
correspondence analysis. 

From figure 2 we can see two obviously tightly packed pairs of arrows, the first 

are nearshore nutrients and precipitation while the second is soil hydrology and wave 

energy. While it has been established that chlorophyll and precipitation are not only 

correlated, but that increases in precipitation are likely to increase nearshore nutrient 

concentrations due to runoff and the successive effects of eutrophication (Guo et al. 

2022), this isn’t consistent with our analysis. Given that our input to this analysis is 

based entirely on our hypothesized impact of each factor on land-sea connectivity, 

namely that more precipitation results in an increase in connectivity while less 

nearshore nutrient concentrations are expected to increase the impact of connectivity, 

our results show the converse: more precipitation appears to be associated with lower 

nearshore nutrient concentrations. 



  

 

37 

 

While this result is unexpected, it is likely being driven by the large amount of 

equatorial pacific atolls in our dataset, which often exhibit this relationship due to the 

impacts of the Indo-Pacific warm pool (IPWP). This relatively warm region of water 

exists under ‘normal’ conditions, or anytime other than during an El Niño event, and is 

caused by the pacific trade winds driving surface waters west causing them to pile up. 

The warm pool is lower in salinity and nutrients overall due to the increased stratification 

caused by the thermocline. The increased sea surface temperature also causes surface 

evaporation and increased rainfall (Ganachaud et al. 2011, Deckker 2016). Given that a 

disproportionate amount of the islands in our dataset, particularly those with high 

precipitation such as Anhd atoll, exist in the IPWP, it's likely that this “steam engine of 

the globe” is driving the relationship between precipitation and nearshore nutrient 

concentrations that is clear in our correspondence analysis. 

Regional level drivers such as the Indo-Pacific warm pool can overpower island 

specific effects. We hypothesized that more precipitation would be linked with increases 

in nearshore nutrients from runoff. While our correspondence analysis presented the 

opposite, this result is likely due to the global nature of our analysis and thus the 

regional effects of the Indo-Pacific warm pool. In our dataset, islands with the most 

precipitation were inside the region where precipitation and nutrient depth profiles are 

controlled largely by the IPWP. 

Soil hydrology and elevation appear to affect linkage in opposing directions, 

which is intuitively illogical as we’d expect higher elevation islands to have less 

permeable volcanic soils translating to more runoff and increased linkage.  However 

according to Ross et al. 2018, “High runoff potential soils occur predominantly within 
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tropical and sub-tropical regions'' and thus this result may reflect our dataset, largely 

due to the high proportion of low-lying atolls that also have low permeability soils. While 

this result is in stark contrast to our hypothesis on the relationship between soil 

hydrology and elevation, it makes more sense after taking a closer look at the methods 

defining the soil hydrology dataset. Ross et al. 2018 classified each soil group by the 

least transmissive soil layer, with clays allowing for little water transfer and coarse 

sandy soils with large pore spacing allowing for maximal water transfer. The other main 

input to soil classification is depth to impermeable soil layer or depth to water table. 

When considering these two inputs it follows logically that low lying atolls will have a 

range of soil types but often a very small depth to the water table.  

However, high vegetation cover causes significant evapotranspiration on these 

low-lying atolls, competing with groundwater recharge and thus often leads to little or no 

percentage of precipitation resulting in runoff, even though their soils have high runoff 

potential (Werner et al. 2017, White et al. 2002, White et al. 2010). This water-hungry 

vegetation likely contributed to significantly less groundwater recharge and thus a much 

lower proportion of precipitation resulting in runoff. In fact, when compared with the 

grassland covered half of Roi-Namur island, Gingerich 1992 found that the half-covered 

in dense vegetation including coconut trees had 84% lower groundwater recharge. This 

level of evapotranspiration is likely occurring on low-lying atolls globally, and while we 

currently have no way to be certain it would follow logically that a significant proportion 

of precipitation is being lost to evapotranspiration on any low-lying atoll with significant 

proportion of its area covered by complex vegetation. Although these low-lying atolls 
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may have high runoff potential soils, it’s possible that they often still have very little 

runoff. 

Our analysis included both the Chagos archipelago in the Indian Ocean and 

Mercury islands in New Zealand, both islands with recently published evidence 

suggesting strong land-sea connectivity. The Chagos archipelago is the study location 

of a significant proportion of the land-sea linkage specific studies to date, largely 

focused on the return of seabirds and their impacts on coral reef ecosystems (Benkwitt 

& Graham 2021). As these studies have shown strong linkages between land and sea 

in these environments, we expected our review of the local mediating factors of 

connectivity would result in a high linkage score for these island chains. Supporting our 

hypotheses for land sea connectivity, Chagos has quite a high linkage score of 29 and 

is the 8th highest linkage island. 

The Mercury Islands have a similarly high linkage score of 27, which is logically 

slightly lower than Chagos given the nature of our analysis and the land-sea linkage 

studies that took place there. Most mediating factors suggest potential for strong land-

sea linkage on the Mercury Islands, with the main exception being their complex 

terrestrial vegetation and seemingly high nearshore nutrient concentrations. The 

temperate deciduous forests on the Mercury Islands likely decrease the total flux from 

land to sea, which is a common trend amongst temperate islands in our analysis. 

However, the higher chlorophyll-a concentrations in the nearshore environment are 

expected given the macroalgae dominant rocky reefs found there. These macroalgal 

communities are likely increasing the chlorophyll-a values, thus inflating our nearshore 

nutrient proxy. However, these communities are more likely affected by land-sea linkage 
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than actually impacting it themselves. Rankin and Jones 2021 found the macroalgal 

communities on the Mercury islands to be impacted by nutrient input from seabirds, so 

while the Mercury islands have a lower linkage score in our analysis, it's likely that the in 

situ land-sea connectivity on these islands is comparable to that of the Chagos 

archipelago. The juxtaposition of these two island chains is a perfect example of the 

importance of understanding the local dynamics of a given island as well as its 

nearshore environment when considering management action. 

 

(III). Application of Insights for Maximizing Conservation Gains  

Factors presumed to mediate the strength of land-sea connectivity have been 

identified with the ultimate goal of contributing to increased efficacy of management and 

conservation of island ecosystems. Importantly, this work contributes to efforts to bridge 

the philosophical divide that has led to operational ‘siloing’ or separation of marine and 

terrestrial science.  In fact, the collaboration between academic institutions and the 

NGO Island Conservation to which this thesis belongs has laid the groundwork for 

resolving the lack of land-sea integration across research and management. We have 

begun to shift the paradigm with two steps in the direction of incorporating land-sea 

connectivity: 1.) a white paper describing the state of the science as well as a strategy 

for improving and standardizing monitoring on land and sea, and 2.) The Island Ocean 

Connection Challenge (IOCC). The IOCC is a global call to action with the goal of 

launching a new era of island restoration- one which incorporates land-sea connectivity 

to optimally restore both marine and terrestrial environments. The ultimate goal of this 
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challenge is to maximize preservation of biodiversity in whole island ecosystems, 

through invasive species eradication and restoration of native ecosystems. 

Our land-sea linkage table provides an estimate of the strength of the land-sea 

connection, and thus potential for marine co-benefit, for a suite of islands around the 

world. Island Conservation is using this information as an initial blueprint for 

incorporating land-sea connectivity into management actions to maximize conservation 

gains on island ecosystems with limited resources in a changing world. Our top land-

sea connectivity island, Floreana, is a top target for Island Conservation given its unique 

flora and fauna- particularly in the nearshore marine environment- as well as it’s 

potential for a strong land-sea connection and thus for marine co-benefit following 

terrestrial restoration.   

These six mediating factors of connectivity can be used to consider the local 

impact of the land on the nearshore marine environment when conducting research, 

management, or conservation action at the interface of land and sea on a marine island. 

This is particularly true when considering the placement of a marine protected area 

(MPA) along an islands coastline. Several studies have shown the importance of 

considering the influence of the terrestrial environment on its nearshore neighbor when 

conducting integrated land-sea connectivity planning for biodiversity conservation 

(Makine et al. 2013, Alvarez-Romero et al. 2011). While this analysis is focused on the 

island-wide scale, the same mediating factors of connectivity could be applied on the 

single-island scale when prioritizing a variety of nearshore marine habitats around an 

islands coastline for protection. The quality of the nearshore marine habitat would 
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remain the top priority, however considering the relative influence of the adjacent 

terrestrial environment might help to prioritize similar nearshore marine habitats. 

 

 

Conclusion 

This review of both the literature and the currently available satellite data has 

suggested environmental factors mediating land-sea connectivity on marine islands. 

Given that land-sea connectivity research is in its infancy, this study focused on singling 

out the distinct first-order effects of an island's physical and environmental factors to 

distinguish factors globally relevant to mediating this often crucial cross-ecosystem 

connectivity. These mediating factors of land-sea connectivity are suggested for 

science, natural resource management, and environmental policy conducted at the 

land-sea interface zone. While this study focused on whole island land-sea connectivity, 

the mediating factors described here can be extrapolated to determine the strength of 

local land-sea connection at a variety of scales as it applies to conceptualizing potential 

cross-ecosystem impacts of a given conservation goal on land or sea. Completion of 

more land-sea linkage specific studies will help to create a more explicit picture of the 

heterogeneity of land-sea linkage across island types. Use of each of the mediating 

factors should be goal dependent, with local flora, fauna, and environmental conditions 

creating the context for deciding which in situ measurements and following actions are 

necessary.  
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