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Global declines in biodiversity have the potential to affect ecosystem function, and vice
versa, in both terrestrial and aquatic ecological reaims. While many studies have
considered biodiversity-ecosystem function (BEF) relationships at local scales within
single realms, there is a critical need for more studies examining BEF linkages among
ecological realms, across scales, and across trophic levels. We present a framework
linking abiotic attributes, productivity, and biodiversity across terrestrial and inland aquatic
realms. We review examples of the major ways that BEF linkages form across
realms—cross-system subsidies, ecosystem engineering, and hydrology. We then
formulate testable hypotheses about the relative strength of these connections across
spatial scales, realms, and trophic levels. While some studies have addressed these
hypotheses individually, to holistically understand and predict the impact of biodiversity
loss on ecosystem function, researchers need to move beyond local and simplified
systems and explicitly investigate cross-realm and trophic interactions and large-scale
patterns and processes. Recent advances in computational power, data synthesis, and
geographic information science can facilitate studies spanning multiple ecological realms
that will lead to a more comprehensive understanding of BEF connections.

Keywords: biodiversity, cross-system subsidies, ecological realms, ecosystem engineering, ecosystem function,
hydrology

INTRODUCTION

Rapid global change, including spread of exotic species, land use intensification, and climate change,
is altering biodiversity and endangering its vital ecosystem functions (Cardinale et al., 2012; Hooper
etal,, 2012; Suurkuukka et al., 2014; Martay et al., 2016; Vellend et al., 2017). Declines in biodiversity,
changes in species ranges and populations, and phenological shifts have been documented across
ecosystems (Dudgeon et al., 2006; Parmesan 2006) and are expected to intensify in the future (Urban
2015). Such changes can result in detrimental effects on essential functions (Cardinale et al., 2012),
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FIGURE 1 | Simplified example of terrestrial and inland aquatic
connections between biodiversity and ecosystem functioning (BEF) via
subsidies. Diverse, productive forests deliver diverse suites of nutrients into
streams. Terrestrial plant material is fed upon by aquatic primary
consumers like the caddisfly (Order Trichoptera) larva shown here (Cummins
et al., 1989). When these larvae complete their life cycles, they emerge from
the aquatic to the terrestrial environment, providing food for terrestrial
invertebrates like a spider (Order Araneae) (Sanzone et al., 2003), which is a
primary food source for red-winged blackbirds (Agelaius phoeniceus). Mobile
terrestrial consumers, such as birds, may then transport aquatic nutrients over
long distances (Baxter et al., 2005). The larvae may also be consumed by
other aquatic organisms like rainbow trout (Oncorhynchus mykiss). The fish
might either be eaten by a river otter (Lontra canadensis), which then
transports and deposits nutrients some distance from the stream (Crait and
Ben-David 2007), or the fish carry the nutrients downstream, to other
watersheds or ecosystems. Symbols for diagram courtesy of the Integration
and Application Network (ian.umces.edu/media-liorary).

including nutrient cycling (McIntyre et al., 2007), food resources
(Allan et al., 2005), carbon sequestration (Bunker et al., 2005;
Tilman et al., 2006), and primary production (Hooper et al,
2012).

To identify potential shifts in ecosystem functions, a major
focus for biodiversity conservation and management has been to
delineate hotspots (highs) and coldspots (lows) of biodiversity
change (Myers et al., 2000; Mokany et al., 2020). These maps and
their underlying models, when used for explanation or prediction,
are essential tools for biodiversity conservation, natural resource
management, and policymaking. Recent calls have been made to
preserve global ecosystem function by protecting half of the
biosphere (Dinerstein et al, 2017), yet the question remains:
which half?

Prioritizing areas for conservation requires an understanding
of biodiversity-ecosystem functioning (BEF) linkages across
diverse systems. Yet, the effects of changes in biodiversity on
ecosystem functioning, and vice versa, are likely under- and
incorrectly estimated because BEF linkages among ecological
realms (i.e., terrestrial, inland aquatic, or marine) are rarely
considered (Soininen et al, 2015; Gonzalez et al, 2020;
Hermoso et al., 2021). BEF studies have, since the concept’s
origin, been focused on primary producers (e.g., Tilman et al,
1997) or on trophic interactions within a single ecological realm
(e.g., Schindler et al., 1997; Lecerf and Richardson 2010). Since
those early studies, most biodiversity forecasts have been
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performed within a single realm and/or ignored species
interactions, especially interactions across trophic levels
(Record et al, 2018; Figure 1). Moreover, biodiversity and
habitat in freshwater systems are much less frequently assessed
than in terrestrial or marine systems, despite the higher
proportion of threatened and endangered species (Revenga
et al, 2005). For example, a recent effort at mapping
biodiversity conservation priority areas (Mokany et al., 2020)
only includes water as an indicator of anthropogenic pressure, not
an indicator of biodiversity. If most models predicting changes to
BEF are within a single ecological realm, and ignore likely
interactions, feedbacks, and synergies between terrestrial,
inland aquatic, and marine realms and across trophic levels,
then predictions of biodiversity status and conservation
prioritization may be incomplete, unreliable, or uncertain.

We address these challenges by presenting: 1) a conceptual
framework for BEF connections between terrestrial and inland
aquatic ecological realms; 2) a brief review of the evidence for
strong BEF connections between terrestrial and inland aquatic
realms; 3) predictions about relationships between terrestrial and
inland aquatic realms across spatial scales and trophic levels; and
4) future cross-realm BEF research approaches and needs.
Throughout, we refer to “ecological realms” to emphasize the
conceptual boundaries between these subfields of ecology. We use
terms like “ecosystem” or “landscape” when referring to specific
studies with discrete geographic boundaries. We focus on
terrestrial and inland aquatic realms; however, we would
expect marine and terrestrial realms to have similar
connections (e.g., Polis and Hurd 1995; Marczak et al., 2007;
Zarnetske et al., 2012) and also for there to be important three-
way BEF connections among marine, terrestrial, and inland
aquatic realms (e.g., Gende et al., 2002).

Climate (a)

FIGURE 2 | Conceptual framework of BEF connections across
terrestrial-aquatic realms. Abiotic attributes of terrestrial and inland aquatic
systems can directly affect that system’s productivity and in turn biodiversity.
Arrows are referenced in the text (A-N). In many cases, arrows could be
drawn in other directions; here we highlight likely important directional
relationships.
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A CONCEPTUAL FRAMEWORK FOR
CROSS-REALM
BIODIVERSITY-ECOSYSTEM FUNCTION
CONNECTIONS

At the macroscale (i.e., regional-continental, long-term), the
physical characteristics of a landscape and its productivity and
biodiversity are predominantly controlled by climate (Lieth and
Whittaker 1975; Lomolino et al., 2010; Collins et al., 2019)
(Figure 2A). In the terrestrial realm, after climate, productivity
is controlled by landscape characteristics like hydrology, available
nutrients, and topographic position (Roy et al, 2001)
(Figure 2B). Similarly, in the inland aquatic realm,
productivity is controlled not only by connectivity to the
broader hydrologic system, and nutrient and light availability,
but also by the size, shape, and depth of the water body
(morphometry) (Odum 1956; Dillon and Rigler 1974; Vannote
et al., 1980; Carpenter et al., 1985) (Figure 2C).

Inland aquatic and terrestrial environments do not exist in
isolation; the abiotic environment in the surrounding
watershed will impact the productivity of a water body
(Likens 1975; Allan 2004) (Figure 2D), and in certain cases
the abiotic conditions of a water body have been shown to affect
the productivity of the surrounding terrestrial landscape [e.g.,
floodplains (Junk et al., 1989; Bayley 1995)] (Figure 2E). The
abiotic characteristics of terrestrial and inland aquatic
landscapes are also known to influence biodiversity directly
(Wallace et al., 1997; Dahlin et al., 2013; Kérni et al., 2019)
(Figures 2F,G). Productivity is often correlated across
terrestrial and aquatic realms, with highly productive
terrestrial systems adjacent to productive aquatic systems
(Wallace et al., 1997; Ballinger and Lake 2006; Gratton et al.,
2017) (Figure 2H). Terrestrial and aquatic productivity may
directly and indirectly influence both terrestrial and aquatic
biodiversity; more productive terrestrial environments tend to
have higher biodiversity (Liang et al., 2016) (Figure 2I) as do
more productive inland aquatic environments (Dodson et al.,
2000; Bartrons et al., 2013) (Figure 2J). Terrestrial biodiversity
and species composition can also affect terrestrial productivity
and decomposition (Hooper et al., 2012) (Figure 2K), and even
physical attributes (e.g., via root exudates; (Eisenhauer et al.,
2017), and ecosystem engineers [McCaffery and Eby 2016)]
(Figure 2L). Biodiversity feeds back to aquatic productivity
(Wallace et al, 1997) (Figure 2M), and in some cases
biodiversity can impact the physical attributes of aquatic
systems (Jones et al., 1994) (Figure 2N). This web of direct
and indirect relationships between abiotic factors, productivity,
and biodiversity highlights the need for more research
especially on linkages between biodiversity and the abiotic
environment (Figures 2L,N) and in inland aquatic
ecosystems’ influence on their surrounding landscapes
(Figures 2H,]).

Much of the research on terrestrial and aquatic linkages has
focused on systems heavily impacted by human influences like
increased nutrients (Lefcheck et al, 2018) or invasive species
introductions (Twardochleb et al., 2013). While it is critical to
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quantify the extent of human influence on terrestrial-aquatic
connections, human impacts will alter cross-realm relationships
in inconsistent ways (Edvardsen and @kland 2006; Kautza and
Sullivan 2015), especially as conservation efforts are put in place.
For example, Moore and Palmer (2005) showed, in Maryland,
United States, that although agricultural streams had high
macroinvertebrate diversity, impervious surfaces reduced taxon
richness. Therefore, although the framework and questions
described here can be applied to human-impacted systems
affected by pressures like paving, large scale landform
alteration, and synthetic fertilizers, our focus is on systems
that have been minimally impacted by modern anthropogenic
pressures.

EVIDENCE FOR
BIODIVERSITY-ECOSYSTEM FUNCTION
CONNECTIONS ACROSS REALMS

Current knowledge of the physical, chemical, and biological
linkages between terrestrial and inland aquatic realms

derives primarily from three research areas: cross-
ecosystem  subsidies, ecosystem  engineering, and
hydrologic connections. Together, results from these

research areas suggest that connections between BEF
commonly occur between terrestrial and inland aquatic
systems and are thus important to quantify to understand
future global change impacts on BEF relationships. Here we
summarize the current evidence for these linkages and build
on this knowledge to establish our theoretical framework and
testable hypotheses for future BEF research linking terrestrial
and inland aquatic ecological realms. This is not intended to
be a comprehensive review, and so references are provided as
examples, not exhaustive lists.

Cross-Ecosystem Subsidies

Cross-ecosystem subsidies have been a major focus of food web
ecology for decades (Marczak et al., 2007; Allen and Wesner
2016) and much of this work has been linked to the meta-
ecosystem concept (Loreau et al, 2003b). Terrestrial-aquatic
connections provide resource subsidies that support higher
growth rates (Sabo and Power 2002), abundances (Sanpera-
Calbet et al, 2009; Allen and Wesner 2016), and niche
diversity of consumers (Darimont et al, 2009) in adjacent
ecosystems. Subsidies of terrestrial invertebrates to streams
provide up to half of the annual energy budget to fishes such
as salmonids, and emergence of adult aquatic insects comprises
between 25 and 100% of the energy budget to nearby terrestrial
bird, bat, lizard, and spider populations (Baxter et al., 2004; Baxter
etal., 2005; Gratton and Vander Zanden 2009). Although aquatic
ecosystems generally receive relatively large quantities of low-
quality organic matter subsidies from terrestrial ecosystems (e.g.,
leaves), and terrestrial ecosystems receive relatively small
quantities of high-quality subsidies from aquatic ecosystems
(e.g., guano and insects), consumers rely on these subsidies to
a comparable extent in both realms (up to 40% of the diet in each)
(Soininen et al., 2015), but see Hagar et al. (2012).
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Terrestrial-aquatic subsidy impacts can have large spatial
extents. Signatures of subsidies to terrestrial environments have
been shown to extend up to 5,300 m laterally from stream banks
and nearly 1,000 m from lakeshores (Muehlbauer et al,, 2014). Bats,
for example, consume large quantities of emergent aquatic insects and
deposit guano several kilometers away, increasing nutrient
concentrations near roosts (Power et al., 2004). Subsidies from one
ecosystem may promote biodiversity in an adjacent ecosystem both
directly by increasing the spatial and temporal availability of prey to
consumers (Schindler et al, 2013), and indirectly by alleviating
predation pressure on prey in adjacent ecosystems (Sabo and
Power 2002).

Positive relationships have been shown in studies that have
quantified cross-realm BEF relationships by linking terrestrial
primary production and inland aquatic biodiversity. Controlled
mesocosm experiments have revealed complex relationships between
terrestrial leaf and insect subsidies and the biodiversity of aquatic
systems (Klemmer et al, 2020). At landscape and regional scales,
richness of stream insects (Vinson and Hawkins 2003) and
plankton diversity (Soininen and Luoto 2012) was positively
correlated with watershed Normalized Difference Vegetation Index
(NDVI), a measure of terrestrial greenness and productivity. Catchment
terrestrial primary production explained significant variation in
geographic distributions of anadromous arctic char (Salvelinus
alpinus), suggesting that aquatic animals track the spatial availability
of terrestrial primary production (Finstad and Hein 2012). Such studies
have prompted some aquatic ecologists to advocate using measures of
terrestrial primary production to predict broad-scale patterns of aquatic
biodiversity (Soininen et al., 2015).

Despite the importance of cross-realm subsidies, studies of
subsidy-biodiversity relationships tend to be unidirectional. Little
research has documented the reciprocal subsidies (Figures 2LJ) that
reflect the true web structure of these relationships (but see Klemmer
et al, 2020). BEF research predicts that strong richness-productivity
relationships in one system should strengthen the association between
richness and productivity in adjacent systems by reducing spatial and
temporal variance around the richness-productivity correlation
(Loreau et al, 2003a). For example, increased mussel species
richness in streams reduces the temporal variance in insect
emergence (Allen et al, 2012), and increased soil microbial
biodiversity may stabilize hydrological pathways of material transfer
from terrestrial to aquatic systems (Bardgett et al,, 2001). Although
these studies show that terrestrial or aquatic BEF may spill over to
adjacent systems, we are not aware of a single study that demonstrates a
direct mechanistic connection between terrestrial BEF and aquatic BEF.
Therefore, the current understanding of cross-ecosystem subsidies is
likely underestimating the strength and importance of cross-realm BEF
relationships, which could impact environmental conservation
prioritization decisions within and across realms.

Ecosystem Engineering

Physical alterations of landscapes by organisms can significantly
influence the connections between terrestrial and inland aquatic
systems. The effects of these “ecosystem engineers” (Jones et al.,
1994) often span ecological realms (Hastings et al., 2007). Beavers
(Castor spp.), for example, influence the riparian density,
biomass, and species composition (Johnston and Naiman
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1990; Wright et al., 2002) as well as the hydrologic profile of
freshwater systems. Beaver dams, in turn, increase the diversity of
aquatic invertebrates important for terrestrial consumers (McCaffery
and Eby 2016) and increase the supply of terrestrially derived organic
matter in streams (Anderson and Rosemond 2010). Beaver dams
elevate soil moisture and nitrogen levels (Naiman et al., 1994) that,
along with beaver herbivory, affect forest succession and increase
terrestrial and wetland plant species diversity. Hippopotami
(Hippopotamus amphibius) create new river channels which
redistribute nutrients, enhance productivity, and facilitate the
movement of fish populations (Mosepele et al, 2009); they also
transport terrestrial carbon and nutrients to aquatic systems
(Subalusky et al., 2015).

Physical modification by sediment-binding plants also
influences both aquatic and terrestrial systems. The abiotic
environment influences dune grass growth, which in turn affects
dune shapes (Zarnetske et al., 2012; Emery and Rudgers 2014); the
resulting dune geomorphology and dune plant community influence
the dune hydrological regime including ponds and wetlands in dune
slack areas (Grootjans et al, 1998). A wide range of ecosystem
engineers affect both terrestrial and inland aquatic realms,
illustrating the potential for strong BEF connections through direct
physical alteration of the landscape.

Hydrology Connects
Biodiversity-Ecosystem Function Across

Realms

Strong hydrologic connections among terrestrial and inland
aquatic realms exist in both river floodplains and dryland
ecosystems. In the evolution of river floodplains terrestrial
vegetation diversifies inland aquatic habitats, providing a range
of colonization options for different organisms (Ward et al,
2002). This example suggests that terrestrial primary
production and plant species diversity may promote inland
aquatic biodiversity by increasing habitat heterogeneity,
improving forage quality and variety, and supporting more
diverse assemblages of organisms. Research in dryland
ecosystems shows that low-productivity systems with high
levels of salinity in both water and soil have negative effects
on biodiversity. Increased levels of salinity in eastern Australia,
for example, caused riparian trees to die, which caused aquatic
salinity levels to rise, in return causing further tree death (Briggs
and Taws 2003). Increases in salinity can also decrease the
diversity of aquatic invertebrates, riparian and aquatic
vegetation, microalgae, and fish (Hart et al., 2003). As aquatic
invertebrates and fish are important predators of mosquitoes, a
reduction in predation along with more mosquito breeding
habitat from salinity-induced rising water tables can increase
mosquito-borne virus transmission to humans (Jardine et al,
2007). Given the dominant role that hydrology plays in both
terrestrial and aquatic realms, there are likely many other
examples of hydrological connections influencing BEF
relationships, though studies do not often use the BEF
framework (e.g., Kneitel and Lessin 2010; Vander Zanden and
Gratton 2011; Stahlschmidt et al., 2012; Schriever et al., 2014).
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FIGURE 3 | Expected variation in strength of relationships between
terrestrial and inland aquatic realms across spatial scales (A-C). Arrow/line
weight indicates expected strength, with thicker arrows suggesting stronger,
more significant relationships.

HOW SPATIAL SCALE AND TROPHIC
LEVEL AFFECT
BIODIVERSITY-ECOSYSTEM FUNCTION
CONNECTIONS ACROSS REALMS

Spatial Scales and Biodiversity-Ecosystem

Function Relationships Across Realms

The relative importance of processes that impact BEF relationships
across realms is likely to differ across scales, as has been demonstrated
in single-realm studies (e.g., Thompson et al, 2018). We present
hypotheses about how terrestrial and inland aquatic linkages may
change across spatial scales of analysis (Figure 3). Similar hypotheses
could be developed to consider connections across temporal scales;
however, temporal scaling is beyond the scope of this paper. At fine
grains and local extents, we expect strong connections between
terrestrial and inland aquatic systems—the condition of an
individual lake matters to the watershed that drains into it, and a
watershed has direct impacts on the water bodies it feeds (Jackrel and
Wootton 2014) (Figure 3A). Gratton and Vander Zanden (2009), for
example, estimated that fluxes of aquatic insects to the surrounding
terrestrial ecosystems would move a maximum of 300 m inland from
a lake shore. At intermediate grains and regional extents greater
variability in environmental conditions should result in weaker or
noisier terrestrial-aquatic connections. For example, Sabo and Hagen
(2012) found that within river networks, the strength of connection
between a river and its surrounding watershed was highly dependent
on the morphometry of the river network. Some watersheds may be
highly connected, whereas others are less connected, or connections
are strong only at small extents (Sabo and Hagen 2012; McCullough
et al,, 2019) (Figure 3B).

At very coarse grains and broad extents, we expect to find the
weakest relationships between terrestrial and inland aquatic realms
(Figure 3C). Broad-scale heterogeneity in climate, landform, and
biogeography, along with regional-scale processes such as land use/
cover and glaciation, should add noise to or diminish the connections
between aquatic and terrestrial biodiversity and productivity (Holland
et al,, 2011; Stachelek et al., 2020). Terrestrial and inland aquatic
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systems are likely to respond to these macroscale phenomena in
different ways and at different rates.

Trophic Levels and Biodiversity-Ecosystem

Function Relationships Across Realms

BEF studies often focus on a single trophic level, often primary
producers. Since as little as 10% of the energy produced at a given
trophic level is transferred to the next higher trophic level (Elser
et al,, 2000), we might expect BEF relationships across realms to
weaken when higher trophic levels are considered. However, the
question of whether food web controls are bottom-up (resource
controlled) or top-down (consumption controlled) continues to
be fundamental in ecological research across realms (Lynam et al.,
2017; Vidal and Murphy 2018).

Taking a green-world, bottom up perspective (Polis 1999), we
expect strong relationships between inland aquatic and terrestrial
productivity. Because all productivity is generally controlled by the
same suite of processes, regardless of system (Grimm et al., 2003),
productivity between realms should be related (Figure 4A). Terrestrial
productivity should also have a strong correlation with aquatic
producer (autotroph) diversity (Figure 4D), and vice versa
(Figure 4B)—more productive landscapes should have higher
autotroph  biodiversity regardless of realm. Similarly, aquatic
producer diversity and terrestrial producer diversity (phytoplankton
and plants) should follow similar biogeographic patterns and therefore
be correlated (Edvardsen and @kland 2006; Suurkuukka et al., 2014;
Stoler and Relyea 2016) (Figure 4E). We expect aquatic consumer
(heterotroph) biodiversity to have a weaker but still positive
correlation with terrestrial productivity (Dolny et al, 2013;
Schriever et al,, 2014; Kautza and Sullivan 2015) (Figure 4G), and
aquatic productivity should be weakly correlated with terrestrial
consumer biodiversity (Stahlschmidt et al, 2012; Sarneel et al,
2014) (Figure 4C).

Moving from lower to higher trophic levels, from a bottom up
perspective we expect organisms to be able to access resources
from more food web compartments (e.g., Marczak et al., 2007)
and so their biodiversity should be less closely tied to any
individual source of productivity (Figures 4F,H). Finally, we
expect connections between aquatic and terrestrial consumer
biodiversity to exist (Purdy et al., 2012); however, due to food
web complexities, from a bottom-up perspective we would expect
these relationships to be weak (e.g., Corti and Datry 2016) or
undetectable in some systems (Hagar et al., 2012; Tonkin et al.,
2016) (Figure 4I). In the case of streams and rivers, these
connections may further be complicated by the fact that water
and nutrients are moving rapidly through the ecosystem; this
could lead to spatial disconnects between terrestrial and aquatic
productivity (Vannote et al., 1980).

While bottom up control of consumer diversity is important, it
is also likely that top down control, the brown-world
perspective (Bond 2005), is a major influence in at least
some contexts and at some spatial scales (Borer et al,
2005). Terrestrial predators (high trophic level consumers)
may regulate the diversity and abundance of aquatic prey,
which in turn affects the diversity and abundance of aquatic
primary producers (Nakano et al., 1999). In systems where
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FIGURE 4 | BEF across trophic levels. Bottom up [(A-l), purple] and top down [(J-R), orange] hypotheses for the strength of relationships between productivity

and biodiversity in terrestrial and aquatic systems at a single scale. Darker colors indicate stronger, more significant expected correlations, while lighter colors indicate
weaker or non-significant hypothesized relationships. For example, taking a bottom-up approach we would expect weak correlations, if any, between terrestrial
consumer diversity and aquatic consumer diversity (I) for a given grain and extent. In contrast, taking a top-down approach, we would expect a strong, significant

Top down approach

top-down forces are important relative to bottom-up forces, an
alternative set of hypotheses may be more realistic (Figure 4, right
panel). From a top-down perspective, we would expect a stronger
positive relationship between aquatic and terrestrial diversity at higher
trophic levels, and there are examples of trophic cascades within
higher trophic levels connecting terrestrial and aquatic consumers
(e.g, Wesner 2012) (Figure 4R). Cross-realm trophic cascades may
then impact relationships between consumer and producer diversity
(Figures 40,Q). Depending on the strength of these higher trophic
level connections, this situation could lead to a decoupling of terrestrial
and inland aquatic productivity (Gergs et al., 2014) (Figure 4]). In
many systems, both top-down and bottom-up processes may operate
simultaneously, and experimental approaches may be required
to disentangle these processes. These examples demonstrate the
importance of carefully considering spatial scales, complex life
history strategies, and trophic levels when studying BEF
connections across realms.

DISCUSSION

Global environmental change can alter the degree and even
presence of BEF connections, and so there is urgent need for
cross-realm studies for predicting and forecasting their potential
effects on the biosphere and human needs. We already know that
global change is impacting cross-ecosystem subsidies, ecosystem
engineering, and hydrology through agricultural pesticide
applications (Relyea 2005), invasions by ecosystem engineers
(Twardochleb et al, 2013), and dams and other water
diversions (Nilsson et al, 2005). However, these global
changes are not usually researched with cross-realm impacts
in mind. There are also studies of BEF connections across
terrestrial and aquatic realms, though they are not always

posed in this framework (e.g., Klemmer et al., 2020). To better
link cross-realm interactions with BEF theory, we proposed a
conceptual framework to better document and understand these
complex interactions across realms (Figure 2). We also proposed
testable hypotheses related to spatial scales and trophic levels
across realms (Figures 3, 4). Our proposed framework can help
researchers better identify direct and indirect effects of global
change on BEF relationships within and across ecological realms,
spatial scales, and trophic levels.

We propose three major reasons for the dearth of studies that
quantify BEF across terrestrial and aquatic realms: 1) data are rarely
collected or compiled across realms, spatial scales, and trophic levels;
2) ecologists generally specialize by ecological realm and level of
organization; and 3) statistical methods to understand complicated,
layered interactions are often difficult to execute and interpret. Recent
developments in ecology and environmental science can help address
these three constraints. First, there is increased data availability of
relatively fine-grain (tens of meters) measures of ecosystem and biotic
properties across broad spatial extents (Zipkin et al., 2021), often
obtained from remote sensing platforms in both terrestrial and aquatic
realms (Jetz et al, 2016; Yang et al, 2020). Second, networks of
ecologists working in different realms and in different geographic areas
provide opportunities for cross-realm study. Networks, whether
investigator-led, government-sponsored, or some combination, are
becoming more common and often generate data products that allow
such cross-realm analysis, such as the Global Biodiversity Information
Facility (GBIE.") and the United States National Ecological
Observatory Network (NEON.?). Third, the emerging field of
macrosystems ecology, with its foundations in landscape ecology,
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macroecology, and biogeography, is building tools and theory to
advance understanding at broad-scales (Heffernan et al, 2014;
Levy et al, 2014; Fei et al, 2016; Rose et al, 2017; Dodds et al.,
2021; Tromboni et al., 2021). Fourth, ecologists and other scientists
are becoming more collaborative and interdisciplinary (e.g., Wuchty
et al,, 2007), which can facilitate research across scales, realms, and
trophic levels (Cheruvelil and Soranno 2018). Finally, new tools (and
tools new to ecologists) are being developed (and adopted) to analyze
complex interactions. As some examples, structural equation
modeling enables researchers to explicitly consider the influence of
community diversity and structure on the pools and fluxes of energy
and matter within and across realms (e.g,, Grace et al., 2016; Lefcheck
et al,, 2018), geostatistics can improve understanding of spatial data
relationships (Lapierre et al, 2018), and Bayesian hierarchical
modeling can connect observations across spatial and temporal
scales (Soranno et al., 2019). Recent work has also emphasized the
importance of taking a complex systems approach and using network
models in cross-realm studies (Sullivan and Manning 2019).
Moreover, the most recently released IUCN Global Ecosystem
Typology (Keith et al,, 2020) identifies “transitional realms”, which
will also help draw attention to cross-realm connections. By working
together across realms, scales, and trophic levels, terrestrial and aquatic
ecologists and environmental scientists will better document existing
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