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Abstract

Human impacts such as habitat loss, climate change and biological invasions are radically altering biodiversity, with even greater
effects projected into the future. Evidence suggests human impacts may differ substantially between terrestrial and freshwater
ecosystems, but the reasons for these differences are poorly understood. We propose an integrative approach to explain these
differences by linking impacts to the fundamental processes that structure communities: dispersal, speciation, ecological selection
and ecological drift. Our goal is to provide process-based insights into why human impacts, and the responses to these impacts,
may differ across ecosystem types within a mechanistic, eco-evolutionary comparative framework. To enable these insights, we
review and synthesize i) how the four processes can influence diversity and dynamics in terrestrial and freshwater communities,
focusing on whether their relative importance may or may not differ among ecosystems, and ii) how human impacts can alter
terrestrial and freshwater biodiversity in different ways due to differences in process strength among ecosystems. Finally, we
highlight research gaps and next steps, and discuss how this approach can provide new insights for conservation. By focusing
on the processes that shape diversity in communities, we aim to mechanistically link human impacts to ongoing and future

changes in ecosystems.
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0.1 Introduction

It is well-known that humans are fundamentally altering the biodiversity and functioning of ecosystems
through impacts such as habitat loss, climate change and biological invasions (Ruckelshaus et al. 2020;
Portner et al. 2021). However, recent studies suggest that global change drivers may cause divergent biodi-
versity responses in terrestrial and aquatic ecosystems (Blowes et al. 2019; van Klink et al. 2020), making
it difficult to forecast future biodiversity changes. Indeed, that differences exist in human impacts across
ecosystems was a key finding of the recent IPBES Global Assessment (Diaz et al.2018; Ruckelshaus et al.
2020), which emphasized the importance of better understanding these differences. One potential reason the
relative importance of human impacts may vary across ecosystems, beyond differing strength of impact, is
that differences exist in the relative importance of core processes that govern biodiversity dynamics in these
systems. Identifying differences in the strength and type of processes most important in a given ecosystem
may allow for the development of comparative frameworks to understand and mitigate human impacts in
both terrestrial and aquatic communities.

While studies have compared differences in processes and properties for terrestrial and marine habitats (May
et al. 1994; Grosberget al. 2012; Webb 2012), comparisons are lacking for terrestrial and freshwater ecosys-
tems, which are highly threatened (Carpenteret al. 2011; Belletti et al. 2020). Here, we aim to build a more
complete understanding of how and why human impacts vary among terrestrial and freshwater ecosystems
by identifying differences and similarities in the fundamental processes shaping communities (Figure 1).
To do this, we build on theory that distinguishes four fundamental processes (Box 1) that comprehensive-
ly describe how species are gained and lost from communities (Vellend 2010, 2016): dispersal, speciation,
ecological selection (hereafter selection) and ecological drift (hereafter drift). These processes capture the
mechanisms by which community attributes such as species richness, species-abundance relationships and
species turnover emerge, and are general enough to allow for comparisons across many ecosystem types.
Importantly, the relative importance of these processes is likely modulated by ecosystem-specific physical
and spatial attributes, for example the properties of media (e.g., air vs water), or geometric constraints of
habitat (e.g., open vs dendritic, Table 1). Thus, our goal is to develop mechanistic bridges between global
change drivers and their impacts by explicitly considering both the fundamental processes and properties
shaping ecosystems (Figure 1, Table 1).
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Fig. 1 | Impact, process and response-based approach to understand ecosystem
change. Focusing on community processes can enable mechanistic inferences into how humans
alter ecosystem dynamics in terrestrial and freshwater systems via effects on community structure
and dynamics. Traditional approaches (i) identify various patterns of ecosystem responses and
attribute them to specific human impacts, but often do not explicitly consider the community
processes which shape these responses, in particular across ecosystems. By considering these
processes we can better fill the twin knowledge gaps of (ii) how humans change the relative
importance of processes operating in communities, and (ii) how these processes then create the
observed ecosystem responses.

Box 1 | Glossary and contextualization of community processes used in the approach

Dispersal: The movement of organisms among sites (Stevens et al. 2014) and the process by
which species can be added to a local site from a regional species pool via immigration, or removed
from a local site via emigration. Along with speciation, dispersal is one of the two processes that
can add species to communities (MacArthur & Wilson 1967; Vellend 2016).

Speciation: The process describing species splitting into two more or less reproductively iso-
lated populations, either due to geographic barriers (allopatry) or in situ divergence (sympatry,
Coyne & Orr 2004; Herndndez-Herndndez et al. 2021). Speciation has not traditionally been a
focus in community ecology. However, this process is now recognized as an important mechanism
influencing the size of regional species pools and the assembly of communities from them (Ricklefs
1987; Mittelbach & Schemske 2015). Speciation is one of two processes that can add species to
a local community, along with immigration via dispersal. Allopatric speciation of geographically
isolated populations in particular may increase the size of the regional species pool, and thus the
number of species arriving at local sites.

Ecological selection: Species differ in their population growth rates. These differences emerge
from the sum of the absolute fitness of all individuals in a population. Such species-level diffe-
rences can cause variation in their relative abundance over time, which defines a selection process
operating at the level of species that shapes community structure (Vellend 2010, 2016). Ecolo-
gical selection is the best-studied of the four fundamental processes (Cottenie 2005), and is the
most diverse with respect to ecological mechanisms it encompasses. It includes i) the impact of



the environment in filtering and sorting species from the species pool (e.g. “constant” selection,
Leibold et al. 2004; Vellend 2010; Soininen 2014), ii) density and frequency-dependent effects
of interactions (e.g. competition, predation and mutualisms), and iii) impacts of environmental
heterogeneity over space or time (variable selection).

Ecological drift: The change in relative abundances of species over time due to random variation
in births and deaths of individuals (Hubbell 2001; Vellend 2010; Gilbert & Levine 2017), leading to
stochasticity in species’ abundances over time. Drift can ultimately only erode local biodiversity
due to random losses of species from communities because it does not generate or introduce new
species (Vellend 2016). Drift is likely the least well-studied of the four community processes,
despite the fact that it can play an important role in community assembly even when other more
deterministic processes are operating and species are not ecologically equivalent (Gilbert & Levine
2017; Svensson et al. 2018). One signature of drift is that its influence is greater when population
sizes are small, such as on islands, isolated lakes, and in small habitat patches (Hubbell 2001;
Melbourne & Hastings 2008; Orrock & Watling 2010).

Note: Ecological selection and drift refer to community-level processes shaping diversity in mixed-
species assemblages (see Vellend 2016), not changes in allele frequencies or abundances within
populations of single species as in evolutionary biology and population genetics.

0.2 Linking human impacts to community processes

In our approach (Figure 1) we focus on how human impacts are mediated by the fundamental community
processes of dispersal, speciation, selection and drift. These processes are not always considered in studies of
ecosystem responses to impacts, yet it is these processes that generate the observed responses of ecosystems.
Traditional approaches to studying human impacts have documented how one or several drivers such as
warming or habitat loss have altered the diversity of ecosystems such as changes in richness, turnover and
abundance. These include studies comparing terrestrial and marine ecosystems (Blowes et al. 2019) or less
often terrestrial and freshwater systems (van Klink et al. 2020). While many of these studies speculate as to
the ultimate causes of ecosystem outcomes, few explicitly consider the full set of processes shaping diversity
in ecosystems. In our approach we fully incorporate these processes of dispersal, speciation, selection and
drift to more mechanistically link ecosystem responses now and in the future with the myriad ways humans
alter these systems.

To demonstrate the utility of our approach, we provide an example of how it could be used to interpret
and explain a hypothetical scenario in which freshwater ecosystems are experiencing less warming-related
turnover (also known as thermophilization) than terrestrial ecosystems (Figure 2). By examining each
fundamental community process as a possible driver of this pattern, we can gain a better understanding of
why differences may emerge across terrestrial and freshwater ecosystems and use this knowledge to make
predictions about other systems and future impacts. In this hypothetical scenario, freshwater communities
are buffered from some warming effects due to the heat capacity of water, which slows warming in this
system. This buffering effect decreases the selection pressure on freshwater communities to thermophilize, and
could drive the hypothesized pattern in which freshwater communities experience weaker warming impacts.
However, it may also be that the dendritic nature of freshwater systems, in particular streams and rivers,
may reduce the capacity for warm-adapted species to enter the community via dispersal, which would also
reduce thermophilization. Finally, our approach increases the focus on the under-studied processes of drift
and speciation as drivers of changes in current and future ecosystems. For example, in the longer term,
freshwater communities may recover from warming-related species losses faster than terrestrial ecosystems
through speciation. This is because the more isolated habitat structure and smaller population sizes of many
freshwater taxa may promote in situ speciation in this ecosystem.
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Fig. 2 | Demonstration of the impact, process & response approach for a warming
scenario. In this hypothetical scenario terrestrial communities (red circle) are turning over
towards more warm-adapted species (aka thermophilizing) faster than freshwater communities
(blue circle). The four fundamental community processes are then used within the context of our
approach (Figure 1) to explain this pattern as a function of potential differences in each process
between ecosystem types (see main text and Table 1).

To implement the proposed approach, we synthesize the literature to find key differences and similarities in
how the four major processes operate within each system. We then use the differences and similarities we
identify to infer how terrestrial and freshwater biodiversity may respond to, and recover from, these impacts.
For each process, we provide non-exhaustive but representative examples of some of the major ways humans
impact terrestrial and freshwater ecosystems, paying particular attention to how the process might influence
the magnitude of human impacts. We also identify the physical, habitat, chemical and community properties
that likely underlie differences in the strength of processes among ecosystems (Table 1). Although we focus
primarily on the understudied comparison between terrestrial and freshwater ecosystems, we also reference
marine systems when information on oceanic environments and taxa can provide insights for comparisons.

0.2.1
0.2.2 Dispersal

Dispersal of organisms (Box 1) may be limited either by a lack of intrinsic adaptations for efficient movement
or extrinsic barriers isolating species from suitable habitats. Here we first compare differences between
terrestrial and freshwater systems in species intrinsic factors, i.e., attributes such as differences in physiology,
behavior and life history (Stevens et al. 2014; Comte & Olden 2018). We then compare ecosystems in
terms of extrinsic factors causing dispersal limitation, such as differences in habitat barriers, configuration
and connectivity (Campbell Grant et al. 2007; Baguette et al. 2013). Overall, findings from the literature
suggest that despite the often-strong intrinsic dispersal abilities of freshwater taxa, the limitations of extrinsic
habitat structure ultimately lead to lower overall dispersal of taxa compared with terrestrial ecosystems.

Studies comparing dispersal distances for the same taxa, such as plants or invertebrates, in terrestrial and
freshwater habitats suggest freshwater organisms have larger intrinsic dispersal abilities (Boedeltje et al.
2003; Kappes et al. 2014). A key factor that may lead to differences in dispersal abilities is the medium
within which species move. Water is “800x denser than air, and the high buoyancy this creates selects for
passively-dispersed life stages and promotes long-distance dispersal by flows and currents (Bonteet al. 2012;



Cornell & Harrison 2013; Srivastava & Kratina 2013). These differences may be associated with life history
and morphological traits in both aquatic and terrestrial organisms (but see Green et al. 2022 for a caution
on using traits as proxies for dispersal distance). For example, small-bodied organisms generally require
fewer adaptations and lower energetic costs to disperse longer distances in water, whereas traits designed to
increase drag are required to overcome gravity in air (Dawson & Hamner 2008).

Despite the intrinsic potential for long-distance dispersal of many freshwater organisms, freshwater habitats
may be effectively the most dispersal-limited of all major ecosystems. This is most likely due to the high
degree of spatial isolation inherent in the structure of lakes, streams and rivers (Comte & Olden 2018) and
the steep environmental gradients within them (e.g., of light, Stomp et al. 2007). Lakes are in many ways
similar to oceanic islands, in that resident species are isolated by an uninhabitable terrestrial matrix (Kappes
et al. 2014), though systems of ponds and lakes can be interconnected by a network of aquatic corridors
(Baguette et al. 2013). Rivers experience isolation at two levels: first, because there is little exchange of
organisms across drainage basins (Leuven et al. 2009) and second, because dispersal is constrained by the
dendritic structure and directional flow of river networks (Hénfling & Weetman 2006; Campbell Grant et al.
2007; Carrara et al. 2012; Wubset al. 2016). Therefore, many riverine organisms have relatively small ranges
and high levels of differentiation across river branches. Due to the many spatial limitations just described,
freshwater communities are often not saturated (Shurin et al. 2000; Irzet al. 2004), suggesting species are
limited in their ability to reach new sites via dispersal (Shurin & Smith 2006).

Human impacts can cause extrinsic limitations to dispersal by creating barriers, increasing heterogeneity or
by reducing habitat connectivity (Figure 3). In highly fragmented landscapes, distances that must be traveled
in order to grow and reproduce often increase, which may lower the fitness of dispersing organisms (Stamps
et al. 2005). Although effects of habitat fragmentation are most often studied in terrestrial environments,
they are thought to be more severe in freshwater systems (Fuller et al. 2015). Human-made obstacles such as
river-crossings and dams can heavily alter species dispersal patterns, including aquatic invertebrates (Brooks
et al. 2013; Sondermann et al. 2015), fish (Barbarossa et al. 2020; Duarte et al. 2021) and plants (Merritt &
Wohl 2006). In addition, in comparison with terrestrial habitats, fragmentation in dendritic river networks
creates habitat patches that are smaller and more varied in size (Fagan 2002; Fuller et al. 2015). Finally,
as river networks influence dispersal between lakes, their fragmentation may also affect lake-dwelling species
(Yi et al. 2010).
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Fig. 3 | Links between impacts, processes and responses across ecosystems discussed
here. An integrative approach to infer how human impacts may alter biodiversity in terrestrial
and freshwater systems via their effects on the community processes of dispersal, speciation,
selection and drift. Brown lines represent the effects of human impacts on community processes
(note only a subset in bold are considered here), and green and blue lines the impacts of processes
of varying intensity on biodiversity outcomes in ecosystems. Numbered boxes provide evidence

for each highlighted link via the references listed on the right.

Habitat fragmentation and landscape modification are also severe threats to terrestrial biodiversity (Fischer
& Lindenmayer 2007) and the linkages between terrestrial and freshwater ecosystems. For example, artificial
constructions such as roads or fences have been shown to obstruct long-distance dispersal in mammals
(Seidler et al. 2015; Tucker et al. 2018; Barton et al. 2019), plants (Deneret al. 2021) and even microbes
(Le Provost et al. 2021), which were historically considered to be near-universally distributed. Interestingly,
some freshwater species also utilize the terrestrial matrix for dispersal, which can help these taxa overcome
effects of habitat fragmentation (Zuluaga et al. 2022). For example, freshwater invertebrates with adults
dispersing actively over land through the air better track environmental variation and are less affected by
barriers such as dams (Gronroos et al. 2013; Tonkinet al. 2018). Similarly, the ability of freshwater organisms
to use other organisms (e.g., birds) as dispersal vectors may both mitigate effects of habitat fragmentation
and facilitate the spread of invasive species (Incagnone et al. 2015; Coughlan et al. 2017).



0.2.3 Speciation

Speciation (Box 1) is the engine generating new biodiversity, and not only many species but the process of
speciation itself is under threat from ongoing human activities (Barnosky et al. 2011). Studies have found
that human impacts can both hinder and promote speciation, which has important implications for the long-
term recovery of Earth’s biodiversity (Rosenzweig 2001). Both variation in speciation rate among lineages
and the amount of time and area available for speciation to occur can influence the size of regional species
pools (Rabosky 2020; Miller & Romén-Palacios 2021) and community diversity assembled from it. This
process can also add species to communities directly via in situ speciation (e.g., Gillespie 2004). However,
despite an increasing focus on speciation as a driver of community diversity, less attention has been paid
to how local and regional dynamics of speciation differ among terrestrial and freshwater habitats, and how
these dynamics are altered by human impacts (Figure 3, Table 1). It should be noted that while the products
of speciation can be quickly eradicated, recovering new species via this process occurs over longer timescales
and is outside the scope of many traditional conservation approaches.

Though few direct comparisons of speciation rates have been made between terrestrial and freshwater habi-
tats, the highest observed diversification rates per clade or lineage per unit time occur in freshwater ecosys-
tems (Miller et al. 2018; Rabosky 2020; Miller 2021). This may be due in part to the greater isolation of
freshwater habitats compared to terrestrial environments (Wiens 2015). However, a recent study found that
on average, terrestrial taxa have higher diversification rates than freshwater taxa, though this could be due
in part to older colonization events in freshwater (see below, Roman-Palacios et al. 2022). Future studies
should compare speciation rates among terrestrial and freshwater ecosystems using matched pairs of clades
with similar life histories and a range of dispersal abilities. Such studies would increase our mechanistic
understanding of both the relative importance of speciation among terrestrial and freshwater ecosystems
and how this process shapes the response of these systems to human impacts.

In addition to variation in speciation rates, the amount of time and area available for speciation to occur can
also influence the size of regional species pools, the amount of in-situ speciation, and thus local community
diversity. Terrestrial habitats tend to be older, larger and more stable over geologic timescales than freshwater
habitats such as lakes and streams (Miller 2021). However, they also tend to be better connected than
freshwater habitats, such that new species more quickly expand their ranges beyond their site of origin. Thus,
it may be expected that freshwater systems will tend to have smaller regional species pools, but that in situ
speciation plays a larger role than in terrestrial communities, in particular for organisms that cannot disperse
through air or over land (Gillespie 2004; Miller et al.2018). Indeed, the best-known cases of recent rapid
in situ species radiations occur in lake-inhabiting fishes such as cichlids (McGeeet al. 2020), salmoniformes
(Hudson et al. 2011) and pupfish (Rabosky 2020; Miller 2021; Richards et al. 2021). These differences
between ecosystems in area and time for speciation to occur have important implications for the recovery
of diversity and ecological function after human impacts such as habitat and species loss. For example,
immigration from the larger and more connected terrestrial matrix may allow terrestrial communities to
recover more quickly over shorter timescales via dispersal. Whereas in freshwater communities due to
isolation, the much slower process of speciation may be one of the primary ways these systems recover from
species loss.

Perhaps the primary way human impacts can hinder or decrease speciation rates is through the destruction
and fragmentation of habitat within which new species are formed (Figure 2, Rosenzweig 2001; Barnoskyet
al. 2011). This occurs primarily through deforestation (or any land-use conversion or intensification) on
land, and damming, draining and eutrophication in freshwater systems (Butchart et al. 2010; Horvath et al.
2019; Ruckelshaus et al. 2020). Due to the relatively small existing area of freshwater habitats compared to
terrestrial regions, future speciation in freshwaters may be more impacted by habitat loss as the small areas
available for speciation to occur become smaller still. For example, pollution in freshwater systems can cause
eutrophication and hypoxic conditions, which greatly reduce the available amount and diversity of habitats,
and often create conditions where endemic species lose all habitat at once (Vonlanthenet al. 2012; Frei et
al. 2022). Over time, pollution in freshwater systems can reduce and homogenize ecological niche space



previously partitioned by species, especially those formed via adaptive radiation, and lead to the sudden
meltdown of species richness in a group, such as in whitefish (Vonlanthen et al. 2012). Overall, human
impacts on local diversity may be greater in freshwater ecosystems, both in the short term due to habitat
loss, over medium timescales as the recovery of diversity via immigration is limited by dispersal barriers, and
over longer timescales as the opportunity for speciation becomes diminished due to anthropogenic activities.
Thus, by incorporating speciation into our approach, we can make inference about future changes in richness
and turnover in these systems (see Figure 1).

In addition to hindering speciation, human impacts may also promote speciation in terrestrial and freshwater
habitats in at least two ways. First, it has been hypothesized that anthropogenic warming could cause
once connected populations to move up in elevation to separate uplifted areas such as within a mountain
range, isolating populations and potentially leading to allopatric speciation (Hua & Wiens 2013). However,
there is no evidence that this process also occurs in freshwaters, as upward shifts in these habitats are
also associated with strong changes in environmental conditions (e.g., water velocity) that cannot be easily
adapted to (Timoner et al. 2020). Second, disturbances caused by habitat homogenization and human-
mediated dispersal can bring new species into contact and thus promote hybrid speciation. For example,
hybrid speciation at ecological time scales in response to human-mediated dispersal has been demonstrated
in land plants (Abbott 1992) and freshwater fish (Marques et al. 2019). Once hybrids have formed, altered
ecosystems created by humans may further facilitate their survival and spread (e.g., Hoban et al.2012), but
whether this process adds new species or removes them will depend on whether it is associated with the
gain or loss of habitat and ecological opportunity. Overall, humans have and will continue to impact the
diversity and dynamics of communities by reducing speciation potential, but may also in some cases promote
speciation.

0.2.4
0.2.5 Ecological selection

Understanding biodiversity responses to human impacts will first require an understanding of how the
strength of ecological selection, defined as deterministic differences in fitness among individuals of differ-
ent species (Box 1, Vellend 2016), differs between ecosystems (Figure 3, Table 1). This is because human
impacts such as land use, warming and invasive species alter the selection regime by modifying either abiotic
gradients and heterogeneity (e.g., climate change velocity, Loarieet al. 2009) or biotic interactions such as
competition, predation and mutualism (e.g., novel species interactions, Alberti 2015; Alexander et al. 2015).
Below we compare abiotic and biotic aspects of selection across terrestrial and freshwater ecosystems, and
how humans alter the selection regime through various global change drivers.

Selection caused by abiotic factors may vary across ecosystems due to variation in habitat properties (Table
1) and the strength of environmental gradients. For example, abiotic gradients can vary between different
types of media (e.g., air vs water) due to differences in density, viscosity and heat capacities (Table 1). In
addition, it has been suggested there is overall greater environmental structure on land than in freshwater
systems (Herfindal et al. 2022). However, some gradients may be stronger in water than on land, such as
for light, which can promote niche differentiation in freshwater habitats (Stompet al. 2007). Possibly as
a result of these differences, there is evidence that species sorting—when species tend to be found in local
communities matching their environmental preferences (Heino et al. 2015; Govaert et al. 2021)-tends to
be stronger on land. For example, species sorting appears to be weakest in lakes compared to riverine and
terrestrial habitats (Soininen 2014), possibly due to their isolation (Heino et al. 2015). Finally, differences
between ecosystems in environmental structure also have major implications for the evolution of thermal
niches (Steele et al. 2018; Sundayet al. 2019) and suggest the ability of species to track thermal optima in
response to climate change may differ across realms (Burrowset al. 2011).

In addition to abiotic effects, selection caused by biotic interactions may also vary between terrestrial and
freshwater ecosystems (Gotheet al. 2013; Pringle et al. 2016; Garcia-Giron et al. 2020). Specifically,
consumptive pressure via predation is thought to be stronger in aquatic systems (Cyr & Face 1993; Cebrian



& Lartigue 2004; Alofs & Jackson 2014). This may be because freshwater systems have a higher prevalence
of generalist consumers, which cause strong top-down control (Cyr & Face 1993; Shurin & Smith 2006; Alofs
& Jackson 2014). Alternatively, the generally higher nutritional quality of freshwater organisms (Twining et
al. 2019; Shipley et al. 2022) may support larger consumer populations and thus increase predation pressure.
However, the high consumptive pressure in freshwaters could also be due to greater heterogeneity in density of
predators caused by dispersal limitation, which would lead to a higher naivete of prey populations compared
to terrestrial habitats (Cox & Lima 2006; Anton et al. 2016, 2020). Finally, many studies highlight differences
in selective pressures within freshwaters between lakes and streams, and suggest that biotic resistance is
weaker in streams (Mitchell & Knouft 2009; Alofs & Jackson 2014).

As outlined above, human impacts are known to have multiple and severe effects on the selection process, to
the point that they can overshadow effects of natural processes (Leprieur et al. 2008). For example, there is
a large body of evidence demonstrating that climatic warming has different impacts in terrestrial vs marine
habitats, however few studies have compared terrestrial and freshwater ecosystems. Freshwater habitats,
being embedded in a terrestrial matrix, have thermal regimes that are closely tied to air and thus their
temperatures tend to be similar to surrounding land areas (Grant et al. 2021). Among all major ecosystems,
evidence suggests freshwater and terrestrial communities are less affected by warming than marine systems
(Burrowset al. 2011). However, this apparent resilience may lead to accumulation of greater extinction debts
compared to marine systems, which are experiencing the highest community turnover (Blowes et al. 2019).

A final way humans impact selection regimes is by facilitating biological invasions. For example, it has
been argued that because freshwater habitats represent a more complex matrix of interacting abiotic and
biotic components, invading freshwater species can more easily affect the properties and functions of their
ecosystems than terrestrial taxa (Moorhouse & Macdonald 2015). Invasive species can also alter selection
regimes in communities in a less direct way, by transmitting diseases or by altering abiotic conditions (via
poisoning, bio-fouling or changing other ecosystem properties, Blackburn et al. 2014). These processes not
only affect selection regimes, but can also facilitate further invasions (Ricciardi 2001; Green et al.2011).
Invasive species effects may also be transmitted between ecosystem in s through various linkages, such as
when invasive plants alter nutrient flows between terrestrial and freshwater habitats (Stewart et al. 2019).

0.2.6
0.2.7 Ecological drift

Ecological drift (Box 1) is generally the most understudied of the four community processes, and has primarily
been considered in microbes and terrestrial plant communities (e.g., Hubbell 2001). However, it should be
noted that the more general process of stochasticity is increasingly studied by ecologists (Shoemaker et
al. 2020). For example, rather than being studied directly, the strength of drift has been inferred from
random variation in species abundance distributions (Chase 2010) or quantified as unexplained variation in
community dynamics models (Vellend et al. 2014). Because few studies directly quantify drift, in particular
across several ecosystem types, we know very little about how humans impact this process in terrestrial and
freshwater communities (Figure 3).

There are however a small number of studies quantifying drift in plant (e.g., Hubbell 2001; Gilbert &
Lechowicz 2004; Gilbert & Levine 2017), bacterial (Vanwonterghem et al. 2014; Aguilar & Sommaruga
2020), and other microorganismal communities (Devercelli et al. 2016; Logares et al. 2018; Wu et al. 2018;
Vass et al.2020). And perhaps the best-documented studies of how drift shapes community structure come
from damselfly (Odonata) communities, where species appear to closely approach ecological equivalence
(Svenssonet al. 2018; McPeek & Siepielski 2019). Despite this limited evidence, drift may be expected to
be stronger in freshwater habitats than on land due to the much smaller total area these habitats occupy
compared to their terrestrial counterparts (Wiens 2015), especially as these populations are reduced via
ongoing impacts such as damming.

Despite the paucity of studies quantifying drift, it has been demonstrated that human impacts can increase
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the overall importance of stochastic processes, which include drift, in both freshwater and terrestrial systems.
For example, species losses, nutrient addition, and warming all increased the relative importance of stochastic
processes in soil microbial communities (Zhang et al. 2016). Similarly, warming and nutrient addition
increased the relative contribution of stochasticity—mainly caused by drift-among lake bacterioplankton
communities (Ren et al. 2017). More generally and as mentioned above, we can expect that drift and
drift-related extinctions will be greater in more isolated and smaller communities (Hubbell 2001; Vellend
2016). Thus, any anthropogenic changes which reduce community size and increase isolation (e.g., habitat
fragmentation or land-use change) should tend to increase the contribution of drift to community dynamics
(Melbourne & Hastings 2008). For example, biological invasions can cause decreased population sizes and
thereby increase species vulnerability to stochastic extinctions (Gilbert & Levine 2013). Looking forward, a
greater focus on the contribution of drift to community dynamics is warranted, as it is highly understudied
but likely very important for shaping human impacts in both ecosystems.

0.3 Synthesis and future directions

Here we propose an integrative approach for comparing effects of human impacts on freshwater and terres-
trial ecosystems using fundamental processes (Figures 1-3). We find several key differences in the strength
and operation of these processes that suggest differing biodiversity responses in terrestrial and freshwater
ecosystems (Figure 3, Table S1). For example, we find evidence suggesting that i) ecological selection due to
abiotic gradients is stronger in terrestrial ecosystems than in freshwater, ii) that dispersal limitation may be
greater in freshwater communities but by contrast that freshwaters have the highest potential for recovery
via speciation, and iii) that the biggest data gap for cross-ecosystem comparisons is the relative influence of
ecological drift among the two ecosystems. Overall, we found that quantitative comparisons across ecosys-
tems are generally lacking, though data enabling such comparisons may be available for many organisms for
the processes of dispersal and selection. In contrast, cross-ecosystem studies of speciation rates tend to focus
on a few well-characterized organisms and such studies are largely missing for drift. Filling these gaps will
be essential to fully link the processes of dispersal, speciation, selection and drift to the future dynamics and
recovery of Earth’s biodiversity.

In addition to filling data gaps, the mechanistic realism of our approach could be increased by considering
interactions between community processes and between human impacts, as well as increased consideration
of linkages and flows between ecosystems. For example, interactions between community processes can
modify the effect of global change drivers, as has been found in experiments and models incorporating both
competition and drift (Chesson 2000; Orrock & Watling 2010; Gilbert & Levine 2017), as well as experiments
on the relative role of dispersal and selection (Ron et al. 2018). In addition, we focus primarily on the effects
of single human impacts, though we recognize that these drivers interact in nature (Settele & Wiemers 2015).
For example, invasive species are often positively affected by global change, such as increases in temperature
or land use intensification (Occhipinti-Ambrogi 2007; Hellmann et al. 2008; Eisenhauer et al. 2012). Finally,
many of the ecosystem processes depend to some extent on linkages between the systems, such as flows of
nutrients and organisms between land, rivers and lakes (Soininenet al. 2015). For example, dispersal of
many freshwater insects depends on adult forms that fly (Bilton et al. 2003). Furthermore, transport of
nutrients and pollutants between freshwater and terrestrial systems is known to affect populations in both
systems (Kraus 2019; Kraus et al. 2021). As linkages between systems may be affected by global change
drivers (Kraus 2019; Johnson et al.2021; Kraus et al. 2021), their role should be more fully addressed in
future developments of the proposed approach.

Realizing the full predictive potential of our approach which links human impacts to community processes
will require increased research efforts and dialog between aquatic and terrestrial ecologists, evolutionary
biologists, conservationists and policymakers. Future research aimed at better forecasting human impacts
across ecosystems should include targeted, quantitative studies of the strength and function of single or
multiple processes in both terrestrial and freshwater ecosystems, especially for the understudied processes
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of speciation and drift. Furthermore, our approach could be used to parametrize a mechanistic model of
impacts, processes and biodiversity outcomes. Such a model would allow researchers to make more detailed,
mechanistic predictions about how diversity may change in a given ecosystem. This work would build
upon recent processes-based simulation studies used to infer the mechanisms shaping diversity through deep
time, and across communities and spatial scales (Thompson et al.2020; Hagen et al. 2021a, b). Mechanistic
models, when combined with data, can provide more detailed estimates of the relative importance of processes
shaping diversity across ecosystems and increase our understanding of how bio-physical properties influence
the balance and strength of processes (Table 1).

In conclusion, to tackle the ongoing and accelerating impacts of humans on biodiversity, we must provide
a mechanistic understanding of how these impacts cause changes in terrestrial and freshwater ecosystems.
Our process-based approach developed here may be useful for mitigating many impacts of global change for
several key reasons. First, focusing on the real-world processes which create the diversity and structure of
communities creates a mechanistic bridge between a given human impact, such as climate warming, and the
outcome of this process on assemblages, such as increased turnover or decreased diversity. Second, it provides
a foundation for further research, especially quantitative comparisons and mechanistic models. Thus, in the
same way that these processes are meant to open the ’black box’ of community ecology to understand
community patterns (Vellend 2010), our approach has the potential to do the same for understanding the
mechanistic pathways by which humans impact Earth’s biodiversity.

0.4 Acknowledgements

The authors thank the ETH Board for funding through the Blue-Green Biodiversity Initiative BGB2020.
Icons and landscapes in Fig. 2 and human impact icons in Fig. 3 are modified from reshot.com.

0.5 References

Abbott, R.J. (1992). Plant invasions, interspecific hybridization and the evolution of new plant taxa. Trends
Ecol. Evol., 7, 401-405.

Aguilar, P. & Sommaruga, R. (2020). The balance between deterministic and stochastic processes in struc-
turing lake bacterioplankton community over time. Mol. Ecol., 29, 3117-3130.

Alberti, M. (2015). Eco-evolutionary dynamics in an urbanizing planet. Trends Ecol. Ewvol., 30, 114-126.

Alexander, J.M., Diez, J.M. & Levine, J.M. (2015). Novel competitors shape species’ responses to climate
change. Nature, 525, 515-518.

Alofs, K.M. & Jackson, D.A. (2014). Meta-analysis suggests biotic resistance in freshwater environments is
driven by consumption rather than competition. Ecology, 95, 3259-3270.

Anton, A., Cure, K., Layman, C.A., Puntila, R., Simpson, M.S. & Bruno, J.F. (2016). Prey naivete to
invasive lionfish Pterois volitans on Caribbean coral reefs. Mar. Ecol. Prog. Ser., 544, 257-269.

Anton, A., Geraldi, N.R., Ricciardi, A. & Dick, J.T.A. (2020). Global determinants of prey naivete to exotic
predators. Proc. Biol. Sci., 287, 20192978.

Baguette, M., Blanchet, S., Legrand, D., Stevens, V.M. & Turlure, C. (2013). Individual dispersal, landscape
connectivity and ecological networks. Biol. Rev. Camb. Philos. Soc., 88, 310-326.

Barbarossa, V., Schmitt, R.J.P., Huijbregts, M.A.J., Zarfl, C., King, H. & Schipper, A.M. (2020). Impacts
of current and future large dams on the geographic range connectivity of freshwater fish worldwide. Proc.
Natl. Acad. Sci., 117, 3648-3655.

12



Barnosky, A.D., Matzke, N., Tomiya, S., Wogan, G.0.U., Swartz, B., Quental, T.B., et al. (2011). Has the
Earth’s sixth mass extinction already arrived? Nature, 471, 51-57.

Bartoni, K.A., Zwijacz-Kozica, T., Zigba, F., Sergiel, A. & Selva, N. (2019). Bears without borders: Long-
distance movement in human-dominated landscapes. Global Ecology and Conservation, 17, e00541.

Belletti, B., Garcia de Leaniz, C., Jones, J., Bizzi, S., Borger, L., Segura, G., et al. (2020). More than one
million barriers fragment Europe’s rivers. Nature, 588, 436—441.

Bilton, D.T., Freeland, J.R. & Okamura, B. (2003). Dispersal in Freshwater Invertebrates. Annual Review
of Ecology and Systematics, 32, 159-181.

Blackburn, T.M., Essl, F., Evans, T., Hulme, P.E., Jeschke, J.M., Kiihn, 1., et al. (2014). A unified classifi-
cation of alien species based on the magnitude of their environmental impacts. PLoS Biol., 12, e1001850.

Blowes, S.A., Supp, S.R., Antdo, L.H., Bates, A., Bruelheide, H., Chase, J.M., et al. (2019). The geography
of biodiversity change in marine and terrestrial assemblages. Science, 366, 339-345.

Boedeltje, G., Bakker, J.P., Bekker, R.M., Van Groenendael, J.M. & Soesbergen, M. (2003). Plant dispersal
in a lowland stream in relation to occurrence and three specific life-history traits of the species in the species
pool. J. Ecol., 91, 855-866.

Bonte, D., Van Dyck, H., Bullock, J.M., Coulon, A., Delgado, M., Gibbs, M., et al. (2012). Costs of dispersal.
Biol. Rev. Camb. Philos. Soc., 87, 290-312.

Brooks, W.R., Lockwood, J.L. & Jordan, R.C. (2013). Tropical paradox: a multi-scale analysis of the invasion
paradox within Miami Rock Ridge tropical hardwood hammocks. Biol. Invasions, 15, 921-930.

Burrows, M.T., Schoeman, D.S., Buckley, L.B., Moore, P., Poloczanska, E.S., Brander, K.M., et al. (2011).
The pace of shifting climate in marine and terrestrial ecosystems. Science, 334, 652-655.

Butchart, S.H.M., Walpole, M., Collen, B., van Strien, A., Scharlemann, J.P.W., Almond, R.E.A., et al.
(2010). Global biodiversity: indicators of recent declines. Science, 328, 1164-1168.

Campbell Grant, E.H., Lowe, W.H. & Fagan, W.F. (2007). Living in the branches: population dynamics and
ecological processes in dendritic networks. Ecol. Lett., 10, 165-175.

Carpenter, S.R., Stanley, E.H. & Vander Zanden, M.J. (2011). State of the World’s Freshwater Ecosystems:
Physical, Chemical, and Biological Changes. Annu. Rev. Environ. Resour., 36, 75-99.

Carrara, F., Altermatt, F., Rodriguez-Iturbe, I. & Rinaldo, A. (2012). Dendritic connectivity controls biodi-
versity patterns in experimental metacommunities. Proc. Natl. Acad. Sci., 109, 5761-5766.

Cebrian, J. & Lartigue, J. (2004). Patterns of herbivory and decomposition in aquatic and terrestrial eco-
systems. Fcol. Monogr., 74, 237-259.

Chase, J.M. (2010). Stochastic community assembly causes higher biodiversity in more productive environ-
ments. Science, 328, 1388-1391.

Chase, J.M., Jeliazkov, A., Ladouceur, E. & Viana, D.S. (2020). Biodiversity conservation through the lens
of metacommunity ecology. Ann. N. Y. Acad. Sci., 1469, 86—104.

Chesson, P. (2000). Mechanisms of Maintenance of Species Diversity. Annual Review of Ecology, Fvolution
and Systematics, 31, 343-366.

Comte, L. & Olden, J.D. (2018). Evidence for dispersal syndromes in freshwater fishes. Proc. Biol. Sci., 285.

Cornell, H.V. & Harrison, S.P. (2013). Regional effects as important determinants of local diversity in both
marine and terrestrial systems. Oikos, 122, 288-297.

13



Cottenie, K. (2005). Integrating environmental and spatial processes in ecological community dynamics. Ecol.
Lett., 8, 1175-1182.

Coughlan, N.E.; Kelly, T.C., Davenport, J. & Jansen, M.A.K. (2017). Up, up and away: bird-mediated
ectozoochorous dispersal between aquatic environments. Freshw. Biol., 62, 631-648.

Cox, J.G. & Lima, S.L. (2006). Naiveté and an aquatic-terrestrial dichotomy in the effects of introduced
predators. Trends Ecol. Evol., 21, 674-680.

Coyne, J.A. & Orr, H.A. (2004). Speciation. Sinauer associates Sunderland, MA.

Cyr, H. & Face, M.L. (1993). Magnitude and patterns of herbivory in aquatic and terrestrial ecosystems.
Nature, 361, 148-150.

Dawson, M.N. & Hamner, W.M. (2008). A biophysical perspective on dispersal and the geography of evolution
in marine and terrestrial systems. J. R. Soc. Interface, 5, 135-150.

Dener, E., Ovadia, O., Shemesh, H., Altman, A., Chen, S.-C. & Giladi, I. (2021). Direct and indirect effects
of fragmentation on seed dispersal traits in a fragmented agricultural landscape. Agric. Ecosyst. Environ.,
309, 107273.

Denny, M.W. (1990). Terrestrial Versus Aquatic Biology: The Medium and Its Message. Integr. Comp. Biol.,
30, 111-121.

Devercelli, M., Scarabotti, P., Mayora, G., Schneider, B. & Giri, F. (2016). Unravelling the role of determi-
nism and stochasticity in structuring the phytoplanktonic metacommunity of the Parand River floodplain.
Hydrobiologia, 764, 139-156.

Diaz, S., Pascual, U., Stenseke, M., Martin-Lépez, B., Watson, R.T., Molnar, Z., et al. (2018). Assessing
nature’s contributions to people. Science, 359, 270-272.

Duarte, G., Segurado, P., Haidvogl, G., Pont, D., Ferreira, M.T. & Branco, P. (2021). Damn those damn dams:
Fluvial longitudinal connectivity impairment for European diadromous fish throughout the 20th century. Sci.
Total Environ., 761, 143293.

Eisenhauer, N., Fisichelli, N.A., Frelich, L.E. & Reich, P.B. (2012). Interactive effects of global warming
and “global worming” on the initial establishment of native and exotic herbaceous plant species. Oikos, 121,
1121-1133.

Elser, J.J., Fagan, W.F., Denno, R.F., Dobberfuhl, D.R., Folarin, A., Huberty, A., et al. (2000). Nutritional
constraints in terrestrial and freshwater food webs. Nature, 408, 578-580.

Fagan, W.F. (2002). Connectivity, fragmentation, and extinction risk in dendritic metapopulations. Ecology,
83, 3243-3249.

Fischer, J. & Lindenmayer, D.B. (2007). Landscape modification and habitat fragmentation: a synthesis.
Glob. Ecol. Biogeogr., 16, 265-280.

Frei, D., De-Kayne, R., Selz, O.M., Seehausen, O. & Feulner, P.G.D. (2022). Genomic variation from an
extinct species is retained in the extant radiation following speciation reversal. Nat. Ecol. Evol., 6, 461-468.

Fuller, M.R., Doyle, M\W. & Strayer, D.L. (2015). Causes and consequences of habitat fragmentation in
river networks. Ann. N. Y. Acad. Sci., 1355, 31-51.

Garcia-Girén, J., Heino, J., Garcia-Criado, F., Ferndndez-Aldez, C. & Alahuhta, J. (2020). Biotic interactions
hold the key to understanding metacommunity organisation. Ecography, 43, 1180-1190.

Gilbert, B. & Lechowicz, M.J. (2004). Neutrality, niches, and dispersal in a temperate forest understory.
Proc. Natl. Acad. Sci., 101, 7651-7656.

14



Gilbert, B. & Levine, J.M. (2013). Plant invasions and extinction debts. Proc. Natl. Acad. Sci., 110, 1744~
1749.

Gilbert, B. & Levine, J.M. (2017). Ecological drift and the distribution of species diversity. Proc. Biol. Sci.,
284.

Gillespie, R. (2004). Community assembly through adaptive radiation in Hawaiian spiders. Science, 303,
356-359.

Gothe, E., Angeler, D.G., Gottschalk, S., Lofgren, S. & Sandin, L. (2013). The influence of environmental,
biotic and spatial factors on diatom metacommunity structure in Swedish headwater streams. PLoS One, 8,
e72237.

Govaert, L., Altermatt, F., De Meester, L., Leibold, M.A., McPeek, M.A., Pantel, J.H., et al. (2021). In-
tegrating fundamental processes to understand eco-evolutionary community dynamics and patterns. Funct.
Ecol., 35, 2138-2155.

Grant, L., Vanderkelen, I., Gudmundsson, L., Tan, Z., Perroud, M., Stepanenko, V.M., et al. (2021).
Attribution of global lake systems change to anthropogenic forcing. Nat. Geosci., 1-6.

Green, A.J., Baltzinger, C. & Lovas-Kiss, A. (2022). Plant dispersal syndromes are unreliable, especially for
predicting zoochory and long-distance dispersal. Oikos, 2022, 1-11.

Green, P.T., O’'Dowd, D.J., Abbott, K.L., Jeffery, M., Retallick, K. & Mac Nally, R. (2011). Invasional
meltdown: invader-invader mutualism facilitates a secondary invasion. Ecology, 92, 1758-1768.

Gronroos, M., Heino, J., Siqueira, T., Landeiro, V.L., Kotanen, J. & Bini, L.M. (2013). Metacommunity
structuring in stream networks: roles of dispersal mode, distance type, and regional environmental con-
text. Ecol. Evol., 3, 4473-4487.

Grosberg, R.K., Vermeij, G.J. & Wainwright, P.C. (2012). Biodiversity in water and on land. Curr. Biol.,
22, R900-3.

Hagen, O., Fluck, B., Fopp, F., Cabral, J.S., Hartig, F., Pontarp, M.,et al. (2021a). gen3sis: A general
engine for eco-evolutionary simulations of the processes that shape Earth’s biodiversity. PLoS Biol., 19,
€3001340.

Hagen, O., Skeels, A., Onstein, R.E., Jetz, W. & Pellissier, L. (2021b). Earth history events shaped the
evolution of uneven biodiversity across tropical moist forests. Proc. Natl. Acad. Sci., 118.

Hanfling, B. & Weetman, D. (2006). Concordant genetic estimators of migration reveal anthropogenically
enhanced source-sink population structure in the river sculpin, Cottus gobio. Genetics, 173, 1487-1501.

Heino, J., Melo, A.S., Siqueira, T., Soininen, J., Valanko, S. & Bini, L.M. (2015). Metacommunity organ-
isation, spatial extent and dispersal in aquatic systems: patterns, processes and prospects. Freshw. Biol.,
60, 845-869.

Hellmann, J.J., Byers, J.E., Bierwagen, B.G. & Dukes, J.S. (2008). Five potential consequences of climate
change for invasive species. Conserv. Biol., 22, 534-543.

Herfindal, 1., Aanes, S., Benestad, R., Finstad, A.G., Salthaug, A., Stenseth, N.C., et al. (2022). Spatiotem-
poral variation in climatic conditions across ecosystems. Clim. Res., 86, 9-19.

Hernandez-Hernandez, T., Miller, E.C., Roman-Palacios, C. & Wiens, J.J. (2021). Speciation across the
Tree of Life. Biol. Rev. Camb. Philos. Soc., 96, 1205-1242.

Hoban, S.M., McCleary, T.S., Schlarbaum, S.E., Anagnostakis, S.L. & Romero-Severson, J. (2012). Human-
impacted landscapes facilitate hybridization between a native and an introduced tree. FEwvol. Appl., 5,
720-731.

15



Horvath, Z., Ptacnik, R., Vad, C.F. & Chase, J.M. (2019). Habitat loss over six decades accelerates regional
and local biodiversity loss via changing landscape connectance. Ecol. Lett., 22, 1019-1027.

Hua, X. & Wiens, J.J. (2013). How does climate influence speciation? Am. Nat., 182, 1-12.

Hubbell, S.P. (2001). The Unified Neutral Theory of Biodiversity and Biogeography. Princeton University
Press, Princeton.

Hudson, A.G., Vonlanthen, P. & Seehausen, O. (2011). Rapid parallel adaptive radiations from a single
hybridogenic ancestral population. Proc. Biol. Sci., 278, 58—66.

Incagnone, G., Marrone, F., Barone, R., Robba, L. & Naselli-Flores, L. (2015). How do freshwater organisms
cross the “dry ocean”™ A review on passive dispersal and colonization processes with a special focus on
temporary ponds. Hydrobiologia, 750, 103-123.

Irz, P., Argillier, C. & Oberdorff, T. (2004). Native and introduced fish species richness in French lakes:
local and regional influences. Glob. Ecol. Biogeogr., 13, 335-344.

Johnson, R.K., Carlson, P. & McKie, B.G. (2021). Contrasting responses of terrestrial and aquatic consumers
in riparian — stream networks to local and landscape level drivers of environmental change. Basic Appl. Ecol.,
57, 115-128.

Kappes, H., Tackenberg, O. & Haase, P. (2014). Differences in dispersal- and colonization-related traits
between taxa from the freshwater and the terrestrial realm. Aquat. Ecol., 48, 73-83.

van Klink, R., Bowler, D.E., Gongalsky, K.B., Swengel, A.B., Gentile, A. & Chase, J.M. (2020). Meta-
analysis reveals declines in terrestrial but increases in freshwater insect abundances. Science, 368, 417—-420.

Kraus, J.M. (2019). Contaminants in linked aquatic-terrestrial ecosystems: Predicting effects of aquatic
pollution on adult aquatic insects and terrestrial insectivores. Freshw. Sci., 38, 919-927.

Kraus, J.M., Kuivila, K.M., Hladik, M.L., Shook, N., Mushet, D.M., Dowdy, K., et al. (2021). Cross-
Ecosystem Fluxes of Pesticides from Prairie Wetlands Mediated by Aquatic Insect Emergence: Implications
for Terrestrial Insectivores. Environ. Toxicol. Chem., 40, 2282-2296.

Leibold, M.A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J.M., Hoopes, M.F., et al. (2004). The
metacommunity concept: a framework for multi-scale community ecology. Fcol. Lett., 7, 601-613.

Leprieur, F., Beauchard, O., Blanchet, S., Oberdorff, T. & Brosse, S. (2008). Fish invasions in the world’s
river systems: when natural processes are blurred by human activities. PLoS Biol., 6, €28.

Le Provost, G., Thiele, J., Westphal, C., Penone, C.; Allan, E., Neyret, M., et al. (2021). Contrasting
responses of above- and belowground diversity to multiple components of land-use intensity. Nat. Commun.,
12, 3918.

Leuven, R.S.E.W., van der Velde, G., Baijens, I., Snijders, J., van der Zwart, C., Lenders, H.J.R., et al.
(2009). The river Rhine: a global highway for dispersal of aquatic invasive species. Biol. Invasions, 11,
1989.

Loarie, S.R., Duffy, P.B., Hamilton, H., Asner, G.P., Field, C.B. & Ackerly, D.D. (2009). The velocity of
climate change. Nature, 462, 1052—-1055.

Logares, R., Tesson, S.V.M., Canback, B., Pontarp, M., Hedlund, K. & Rengefors, K. (2018). Contrasting
prevalence of selection and drift in the community structuring of bacteria and microbial eukaryotes. Environ.
Microbiol., 20, 2231-2240.

Lurgi, M., Lopez, B.C. & Montoya, J.M. (2012). Novel communities from climate change. Philos. Trans.
R. Soc. Lond. B Biol. Sci., 367, 2913-2922.

MacArthur, R.H. & Wilson, E.O. (1967). The Theory of Island Biogeography. Princeton University Press.

16



Marques, D.A., Lucek, K., Sousa, V.C., Excoffier, L. & Seehausen, O. (2019). Admixture between old
lineages facilitated contemporary ecological speciation in Lake Constance stickleback. Nat. Commun., 10,
4240.

May, R.M., Godfrey, J., Beddington, J.R., Cushing, D.H., May, R.M. & Steele, J.H. (1994). Biological
diversity: differences between land and sea. Philos. Trans. R. Soc. Lond. B Biol. Sci., 343, 105-111.

McGee, M.D., Borstein, S.R., Meier, J.I., Marques, D.A., Mwaiko, S., Taabu, A., et al. (2020). The
ecological and genomic basis of explosive adaptive radiation. Nature, 586, 75-79.

McPeek, M.A. & Siepielski, A.M. (2019). Disentangling ecologically equivalent from neutral species: The
mechanisms of population regulation matter. J. Anim. FEcol., 88, 1755-1765.

Melbourne, B.A. & Hastings, A. (2008). Extinction risk depends strongly on factors contributing to stochas-
ticity. Nature, 454, 100-103.

Menge, B.A., Chan, F., Dudas, S., Eerkes-Medrano, D., Grorud-Colvert, K., Heiman, K., et al. (2009).
Terrestrial ecologists ignore aquatic literature: Asymmetry in citation breadth in ecological publications and
implications for generality and progress in ecology. J. Exzp. Mar. Bio. Ecol. , 377, 93-100.

Merritt, D.M. & Wohl, E.E. (2006). Plant dispersal along rivers fragmented by dams. River Res. Appl. ,
22, 1-26.

Miller, E.C. (2021). Comparing diversification rates in lakes, rivers, and the sea. Evolution, 75, 2055-2073.

Miller, E.C., Hayashi, K.T., Song, D. & Wiens, J.J. (2018). Explaining the ocean’s richest biodiversity
hotspot and global patterns of fish diversity. Proc. Biol. Sci., 285, 20181314.

Miller, E.C. & Roman-Palacios, C. (2021). Evolutionary time best explains the latitudinal diversity gradient
of living freshwater fish diversity. Glob. Ecol. Biogeogr., 30, 749-763.

Mitchell, A.L. & Knouft, J.H. (2009). Non-native fishes and native species diversity in freshwater fish
assemblages across the United States. Biol. Invasions, 11, 1441-1450.

Mittelbach, G.G. & Schemske, D.W. (2015). Ecological and evolutionary perspectives on community assem-
bly. Trends Ecol. Ewvol., 30, 241-247.

Mokany, K., Richardson, A.J., Poloczanska, E.S., Ferrier, S. & CSIRO CAF Biodiversity Working Group.
(2010). Uniting marine and terrestrial modelling of biodiversity under climate change. Trends Ecol. Fvol.,
25, 550-551.

Moorhouse, T.P. & Macdonald, D.W. (2015). Are invasives worse in freshwater than terrestrial ecosystems?
WIREs Water, 2, 1-8.

Occhipinti-Ambrogi, A. (2007). Global change and marine communities: alien species and climate change.
Mar. Pollut. Bull., 55, 342—-352.

Orrock, J.L. & Watling, J.I. (2010). Local community size mediates ecological drift and competition in
metacommunities. Proc. Biol. Sci., 277, 2185-2191.

Pereira, H.M., Leadley, P.W., Proenca, V., Alkemade, R., Scharlemann, J.P.W., Fernandez-Manjarres, J.F.,
et al. (2010). Scenarios for global biodiversity in the 21st century. Science, 330, 1496-1501.

Portner, H.O., Scholes, R.J., Agard, J. & Archer, E. (2021). IPBES-IPCC co-sponsored workshop report on
biodiversity and climate change.

Pringle, R.M., Prior, K.M., Palmer, T.M., Young, T.P. & Goheen, J.R. (2016). Large herbivores promote
habitat specialization and beta diversity of African savanna trees. Ecology, 97, 2640-2657.

Rabosky, D.L. (2020). Speciation rate and the diversity of fishes in freshwaters and the oceans. J. Biogeogr.,
47, 1207-1217.

17



Ren, L., He, D., Chen, Z., Jeppesen, E., Lauridsen, T.L., Sondergaard, M., et al. (2017). Warming and
nutrient enrichment in combination increase stochasticity and beta diversity of bacterioplankton assemblages
across freshwater mesocosms. ISMFE J., 11, 613-625.

Ricciardi, A. (2001). Facilitative interactions among aquatic invaders: is an “invasional meltdown” occurring
in the Great Lakes? Can. J. Fish. Aquat. Sci., 58, 2513-2525.

Richards, E.J., McGirr, J.A., Wang, J.R., St John, M.E., Poelstra, J.W., Solano, M.J., et al. (2021). A
vertebrate adaptive radiation is assembled from an ancient and disjunct spatiotemporal landscape. Proc.
Natl. Acad. Sci., 118.

Ricklefs, R.E. (1987). Community diversity: relative roles of local and regional processes. Science, 235,
167-171.

Roman-Palacios, C., Moraga-Lopez, D. & Wiens, J.J. (2022). The origins of global biodiversity on land, sea
and freshwater. Ecology Letters, 25, 1376-1386.

Ron, R., Fragman-Sapir, O. & Kadmon, R. (2018). Dispersal increases ecological selection by increasing
effective community size. Proc. Natl. Acad. Sci., 115, 11280-11285.

Rosenzweig, M.L. (2001). Loss of speciation rate will impoverish future diversity. Proc. Natl. Acad. Sci.,
98, 5404-5410.

Ruckelshaus, M.H., Jackson, S.T., Mooney, H.A., Jacobs, K.L.., Kassam, K.-A.S., Arroyo, M.T.K., et al.
(2020). The IPBES Global Assessment: Pathways to Action. Trends Ecol. Evol., 35, 407-414.

Seidler, R.G., Long, R.A., Berger, J., Bergen, S. & Beckmann, J.P. (2015). Identifying impediments to
long-distance mammal migrations. Conserv. Biol., 29, 99-109.

Settele, J. & Wiemers, M. (2015). Interacting global change drivers. Nat. Clim. Chang., 5, 913-914.

Shipley, J.R., Twining, C.W., Mathieu-Resuge, M., Parmar, T.P., Kainz, M., Martin-Creuzburg, D., et al.
(2022). Climate change shifts the timing of nutritional flux from aquatic insects. Curr. Biol., 32, 1-8.

Shoemaker, L.G., Sullivan, L.L., Donohue, I., Cabral, J.S., Williams, R.J., Mayfield, M.M., et al. (2020).
Integrating the underlying structure of stochasticity into community ecology. Ecology, 101, €02922.

Shurin, A. & Smith, S. (2006). Room for one more? Evidence for invasibility in ecological communities. In:
Conceptual ecology and invasion biology: reciprocal approaches to nature. Springer, Dordrecht, pp. 423—447.

Shurin, J.B., Havel, J.E., Leibold, M.A. & Pinel-Alloul, B. (2000). Local and regional zooplankton species
richness: A scale-independent test for saturation. Ecology, 81, 3062—-3073.

Simmons, B.I., Blyth, P.S.A., Blanchard, J.L., Clegg, T., Delmas, E., Garnier, A., et al. (2021). Refocusing
multiple stressor research around the targets and scales of ecological impacts. Nat. Ecol. Fvol., 5, 1478-14809.

Soininen, J. (2014). A quantitative analysis of species sorting across organisms and ecosystems. FEcology ,
95, 3284-3292.

Soininen, J., Bartels, P., Heino, J., Luoto, M. & Hillebrand, H. (2015). Toward More Integrated Ecosystem
Research in Aquatic and Terrestrial Environments. Bioscience, 65, 174—182.

Sondermann, M., Gies, M., Hering, D., Schroder, M. & Feld, C.K. (2015). Modelling the effect of in-stream
and terrestrial barriers on the dispersal of aquatic insect species: a case study from a Central European
mountain catchment. Fundam. Appl. Limnol., 186, 99-115.

Srivastava, S. & Kratina, S. (2013). Is dispersal limitation more prevalent in the ocean? Oikos.

Stamps, J.A., Krishnan, V.V. & Reid, M.L. (2005). Search costs and habitat selection by dispersers. Ecology,
86, 510-518.

18



Steele, J.H. (1985). A comparison of terrestrial and marine ecological systems. Nature, 313, 355-358.

Steele, J.H., Brink, K.H. & Scott, B.E. (2018). Comparison of marine and terrestrial ecosystems: suggestions
of an evolutionary perspective influenced by environmental variation. ICES J. Mar. Sci., 76, 50-59.

Steinbauer, M.J., Grytnes, J.-A., Jurasinski, G., Kulonen, A., Lenoir, J., Pauli, H., et al. (2018). Accelerated
increase in plant species richness on mountain summits is linked to warming. Nature, 556, 231-234.

Stevens, V.M., Whitmee, S., Le Galliard, J.-F., Clobert, J., Bohning-Gaese, K., Bonte, D., et al. (2014).
A comparative analysis of dispersal syndromes in terrestrial and semi-terrestrial animals. Fcol. Lett., 17,
1039-1052.

Stewart, S.D., Young, M.B., Harding, J.S. & Horton, T.W. (2019). Invasive Nitrogen-Fixing Plant Amplifies
Terrestrial-Aquatic Nutrient Flow and Alters Ecosystem Function. FEcosystems, 22, 587-601.

Stomp, M., Huisman, J., Stal, L.J. & Matthijs, H.C.P. (2007). Colorful niches of phototrophic microorgan-
isms shaped by vibrations of the water molecule. ISME J., 1, 271-282.

Sunday, J., Bennett, J.M., Calosi, P., Clusella-Trullas, S., Gravel, S., Hargreaves, A.L., et al. (2019).
Thermal tolerance patterns across latitude and elevation. Philos. Trans. R. Soc. Lond. B Biol. Sci., 374,
20190036.

Svensson, E.I., Gomez-Llano, M.A., Torres, A.R. & Bensch, H.M. (2018). Frequency Dependence and
Ecological Drift Shape Coexistence of Species with Similar Niches. Am. Nat., 191, 691-703.

Thompson, P.L., Guzman, L.M., De Meester, L., Horvath, Z., Ptacnik, R., Vanschoenwinkel, B., et al. (2020).
A process-based metacommunity framework linking local and regional scale community ecology. Ecol. Lett.,
23, 1314-1329.

Timoner, P., Marle, P., Castella, E. & Lehmann, A. (2020). Spatial patterns of mayfly, stonefly and caddisfly
assemblages in Swiss running waters in the face of global warming. Ecography .

Tonkin, J.D., Altermatt, F., Finn, D.S., Heino, J., Olden, J.D., Pauls, S.U., et al. (2018). The role of
dispersal in river network metacommunities: Patterns, processes, and pathways. Freshw. Biol., 63, 141-163.

Travis, J.M.J., Delgado, M., Bocedi, G., Baguette, M., Bartoni, K., Bonte, D., et al. (2013). Dispersal and
species’ responses to climate change. Oikos, 122, 1532-1540.

Tucker, M.A., Bohning-Gaese, K., Fagan, W.F., Fryxell, J.M., Van Moorter, B., Alberts, S.C., et al. (2018).
Moving in the Anthropocene: Global reductions in terrestrial mammalian movements. Science, 359, 466—469.

Twining, C.W., Bernhardt, J.R., Derry, A.M., Hudson, C.M., Ishikawa, A., Kabeya, N., et al. (2021). The
evolutionary ecology of fatty-acid variation: Implications for consumer adaptation and diversification. Fcol.
Lett., 24, 1709-1731.

Twining, C.W., Brenna, J.T., Lawrence, P., Winkler, D.W., Flecker, A.S. & Hairston, N.G., Jr. (2019).
Aquatic and terrestrial resources are not nutritionally reciprocal for consumers. Funct. Ecol., 33, 2042-2052.

Vanwonterghem, 1., Jensen, P.D., Dennis, P.G., Hugenholtz, P., Rabaey, K. & Tyson, G.W. (2014). Deter-
ministic processes guide long-term synchronised population dynamics in replicate anaerobic digesters. ISME
J., 8, 2015—-2028.

Vasseur, D.A. & Yodzis, P. (2004). The color of environmental noise. Ecology, 85, 1146-1152.

Vass, M., Székely, A.J., Lindstrom, E.S. & Langenheder, S. (2020). Using null models to compare bacterial
and microeukaryotic metacommunity assembly under shifting environmental conditions. Sci. Rep., 10, 2455.

Vellend, M. (2010). Conceptual synthesis in community ecology. Q. Rev. Biol. , 85, 183-206.
Vellend, M. (2016). The Theory of Ecological Communities (MPB-57). Princeton University Press.

19



Vellend, M., Srivastava, D.S., Anderson, K.M., Brown, C.D., Jankowski, J.E., Kleynhans, E.J., et al. (2014).
Assessing the relative importance of neutral stochasticity in ecological communities. Oikos , 123, 1420-1430.

Vonlanthen, P., Bittner, D., Hudson, A.G., Young, K.A., Miiller, R., Lundsgaard-Hansen, B., et al. (2012).
Eutrophication causes speciation reversal in whitefish adaptive radiations. Nature, 482, 357-362.

Webb, T.J. (2012). Marine and terrestrial ecology: unifying concepts, revealing differences. Trends Ecol.
Evol., 27, 535-541.

Wiens, J.J. (2015). Faster diversification on land than sea helps explain global biodiversity patterns among
habitats and animal phyla. FEcol. Lett., 18, 1234-1241.

Wubs, E.R.J., Fraaije, R.G.A., de Groot, G.A., Erkens, R.H.J., Garssen, A.G., Kleyheeg, E., et al. (2016).
Going against the flow: a case for upstream dispersal and detection of uncommon dispersal events. Freshw.
Biol., 61, 580-595.

Wu, W., Lu, H-P., Sastri, A., Yeh, Y.-C., Gong, G.-C., Chou, W.-C.,et al. (2018). Contrasting the relative
importance of species sorting and dispersal limitation in shaping marine bacterial versus protist communities.
ISME J., 12, 485-494.

Yi, Y., Yang, Z. & Zhang, S. (2010). Ecological influence of dam construction and river-lake connectivity on
migration fish habitat in the Yangtze River basin, China. Procedia Environmental Sciences, 2, 1942-1954.

Zhang, X., Johnston, E.R., Liu, W., Li, L. & Han, X. (2016). Environmental changes affect the assembly of
soil bacterial community primarily by mediating stochastic processes. Glob. Chang. Biol., 22, 198-207.

Zuluaga, S., Speziale, K.L. & Lambertucci, S.A. (2022). Flying wildlife may mask the loss of ecological
functions due to terrestrial habitat fragmentation. Sci. Total Environ., 803, 150034.

Table 1 | Key differences between freshwater and terrestrial ecosystems in physical, chemical, habitat and
community properties and their hypothesized effect on community processes

Table S1 | Overview of studies comparing how human impacts may, or may not, differ in type or severity
among terrestrial vs freshwater ecosystems, organized by the process which humans impact

20



Linking human impacts to community processes in terrestrial and freshwater ecosystems

Ian R. McFadden.2*, Agnieszka Sendek!3", Morgane Brosse3, Peter M. Bach3, Marco Baity-]esi3, Janine
Bolligerl, Kurt Bollmann!, Eckehard G. Brockerhoffl, Giulia Donati3, Friederike Gebert!, Shyamolina
Ghoshl, Hsi-Cheng Ho3, Imran Khalig3, . Jelle Leverl:3, Ivana Logar3, Helen Moor?l, Daniel Odermatt3, Loic
Pellissier!Z, Luiz Jardim de Queiroz*5, Christian Rixen®, Nele Schuwirth3, ]. Ryan Shipley#, Cornelia W.
Twining#, Yann Vitassel, Christoph Vorburger37, Mark K. L. Wong1-8, Niklaus E. Zimmermann1, Ole
Seehausen®5, Martin M. GossnerlZ, Blake Matthews#, Catherine H. Graham?, Florian Altermatt3.%, Anita

Narwani3

1Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), Ziircherstrasse 111, 8903
Birmensdorf, Switzerland

2Institute of Terrestrial Ecosystems, ETH Ziirich, Rimistrasse 101, 8092 Zurich, Switzerland

3Swiss Federal Institute of Aquatic Science and Technology (Eawag), Ueberlandstrasse 133, 8600 Diibendorf,
Switzerland

4Swiss Federal Institute of Aquatic Science and Technology (Eawag), Seestrasse 79, 6047 Kastanienbaum,
Switzerland

SInstitute of Ecology & Evolution, University of Bern, Baltzerstrasse 6, Bern, Switzerland

6Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), Fliielastrasse 11, 7278 Davos,
Switzerland

7Institute of Integrative Biology, Department of Environmental Systems Science, ETH Ziirich, Rimistrasse 101,
8092 Zurich, Switzerland

8School of Biological Sciences, The University of Western Australia, Crawley WA 6009, Australia

University of Zurich, Department of Evolutionary Biology and Environmental Studies, Winterthurerstrasse
190, 8051 Ziirich

*IM and AS contributed equally to this work.



Authorship statement: IM, AS, AN, BM, CG and FA conceived the idea for the manuscript. IM, AS and AN
reviewed the literature and wrote the first draft with substantial contributions from BM, FA, CG and MG. All
authors commented on and approved the final manuscript. AN, BM, CG, FA, IL, MG and OS steered the ETH-
Domain funded BGB2020 initiative, which was the basis for this synthesis. FA, LP, CV, KB, NS, EB, MB-], MG,
CG, BM, JB, AN, CR, DO, YV, 0OS, NZ secured funding to write the paper.

Data accessibility statement: No new data were used in the present study.

Conflict of interest statement: The authors declare no conflicts of interest.

Author emails: ian.mcfadden@wsl.ch, agnieszka.sendek@wsl.ch, morgane.brosse@eawag.ch,
peter.bach@eawag.ch, marco.baityjesi@eawag.ch, janine.bolliger@wsl.ch, kurt.bollmann@wsl.ch,
eckehard.brockerhoff@wsl.ch, giulia.donati@eawag.ch, friederike.gebert@wsl.ch,
shyamolina.ghosh@wsl.ch, hsi-cheng.ho@eawag.ch, imran.khalig@eawag.ch, jelle.lever@eawag.ch,
ivana.logar@eawag.ch, helen.moor@wsl.ch, daniel.odermatt@eawag.ch, loic.pellissier@usys.ethz.ch,
luiz.jardimdequeiroz@eawag.ch, rixen@slf.ch, nele.schuwirth@eawag.ch, ryan.shipley@eawag.ch,
cornelia.twining@eawag.ch, yann.vitasse@wsl.ch, christoph.vorburger@eawag.ch, mark.wong@wsl.ch,
niklaus.zimmermann@wsl.ch, ole.seehausen@eawag.ch, martin.gossner@wsl.ch,
blake.matthews@eawag.ch, catherine.graham@wsl.ch, florian.altermatt@eawag.ch,

anita.narwani@eawag.ch
Short running title: Linking human impacts to community processes
Keywords: Synthesis, global change, mechanism, aquatic ecology, dispersal, speciation, selection, drift

Article type: Perspective
Words in abstract: 199
Words in main text: 5105
Number of references: 154

Number of figures, tables and text boxes: 5

Materials and correspondence: Correspondence should be addressed to lan McFadden,
ian.mcfadden@wsl.ch, or Agnieszka Sendek, agnieszka.sendek@wsl.ch, Swiss Federal Research Institute
WSL, Ziircherstrasse 111, 8903 Birmensdorf, Switzerland, or Anita Narwani, anita.narwani@eawag.ch,

Eawag, Department of Aquatic Ecology, Uberlandstrasse 133, 8600 Diibendorf, Switzerland.



ABSTRACT

Human impacts such as habitat loss, climate change and biological invasions are radically altering
biodiversity, with even greater effects projected into the future. Evidence suggests human impacts may
differ substantially between terrestrial and freshwater ecosystems, but the reasons for these differences
are poorly understood. We propose an integrative approach to explain these differences by linking impacts
to the fundamental processes that structure communities: dispersal, speciation, ecological selection and
ecological drift. Our goal is to provide process-based insights into why human impacts, and the responses
to these impacts, may differ across ecosystem types within a mechanistic, eco-evolutionary comparative
framework. To enable these insights, we review and synthesize i) how the four processes can influence
diversity and dynamics in terrestrial and freshwater communities, focusing on whether their relative
importance may or may not differ among ecosystems, and ii) how human impacts can alter terrestrial and
freshwater biodiversity in different ways due to differences in process strength among ecosystems. Finally,
we highlight research gaps and next steps, and discuss how this approach can provide new insights for
conservation. By focusing on the processes that shape diversity in communities, we aim to mechanistically

link human impacts to ongoing and future changes in ecosystems.

INTRODUCTION

It is well-known that humans are fundamentally altering the biodiversity and functioning of ecosystems
through impacts such as habitat loss, climate change and biological invasions (Ruckelshaus et al. 2020;
Portner et al. 2021). However, recent studies suggest that global change drivers may cause divergent
biodiversity responses in terrestrial and aquatic ecosystems (Blowes et al. 2019; van Klink et al. 2020),
making it difficult to forecast future biodiversity changes. Indeed, that differences exist in human impacts
across ecosystems was a key finding of the recent IPBES Global Assessment (Diaz et al. 2018; Ruckelshaus
et al. 2020), which emphasized the importance of better understanding these differences. One potential

reason the relative importance of human impacts may vary across ecosystems, beyond differing strength of



impact, is that differences exist in the relative importance of core processes that govern biodiversity
dynamics in these systems. Identifying differences in the strength and type of processes most important in
a given ecosystem may allow for the development of comparative frameworks to understand and mitigate

human impacts in both terrestrial and aquatic communities.

While studies have compared differences in processes and properties for terrestrial and marine habitats
(May et al. 1994; Grosberg et al. 2012; Webb 2012), comparisons are lacking for terrestrial and freshwater
ecosystems, which are highly threatened (Carpenter et al. 2011; Belletti et al. 2020). Here, we aim to build a
more complete understanding of how and why human impacts vary among terrestrial and freshwater
ecosystems by identifying differences and similarities in the fundamental processes shaping communities
(Figure 1). To do this, we build on theory that distinguishes four fundamental processes (Box 1) that
comprehensively describe how species are gained and lost from communities (Vellend 2010, 2016):
dispersal, speciation, ecological selection (hereafter selection) and ecological drift (hereafter drift). These
processes capture the mechanisms by which community attributes such as species richness, species-
abundance relationships and species turnover emerge, and are general enough to allow for comparisons
across many ecosystem types. Importantly, the relative importance of these processes is likely modulated
by ecosystem-specific physical and spatial attributes, for example the properties of media (e.g., air vs
water), or geometric constraints of habitat (e.g., open vs dendritic, Table 1). Thus, our goal is to develop
mechanistic bridges between global change drivers and their impacts by explicitly considering both the

fundamental processes and properties shaping ecosystems (Figure 1, Table 1).

Our approach goes beyond other recent frameworks which argue for studying human impacts via the
ecological scales at which they occur (Simmons et al. 2021) or the meta-community processes with which
they interact (Chase et al. 2020) by explicitly considering all major ecological and evolutionary processes

that shape communities. The increased evolutionary focus in particular via the addition of the



Human impacts Community processes Ecosystem responses

Habitat loss — — Dispersal — —— /\ current richness
Over-harvesting —— Speciation — A current turnover
Climate change i. — iii. ——— /\ current abundance
Invasive species —— Selection — A future richness

Pollution —— — Drift —_— — A future turnover
/\ = change in

i. Traditional approach in human impact studies
ii. Knowledge gap 1: How do humans impact community processes across blue-green ecosystems?

iii. Knowledge gap 2: How do community processes shape ecosystem responses to human impacts?

Figure 1 | Impact, process and response-based approach to understand ecosystem change. Focusing
on community processes can enable mechanistic inferences into how humans alter ecosystem dynamics in
terrestrial and freshwater systems via effects on community structure and dynamics. Traditional
approaches (i) identify various patterns of ecosystem responses and attribute them to specific human
impacts, but often do not explicitly consider the community processes which shape these responses, in
particular across ecosystems. By considering these processes we can better fill the twin knowledge gaps of
(i) how humans change the relative importance of processes operating in communities, and (ii) how these

processes then create the observed ecosystem responses.

Box 1 | Glossary and contextualization of community processes used in the approach

Dispersal: The movement of organisms among sites (Stevens et al. 2014) and the process by which species
can be added to a local site from a regional species pool via immigration, or removed from a local site via
emigration. Along with speciation, dispersal is one of the two processes that can add species to

communities (MacArthur & Wilson 1967; Vellend 2016).

Speciation: The process describing species splitting into two more or less reproductively isolated

populations, either due to geographic barriers (allopatry) or in situ divergence (sympatry, Coyne & Orr




2004; Hernandez-Hernandez et al. 2021). Speciation has not traditionally been a focus in community
ecology. However, this process is now recognized as an important mechanism influencing the size of
regional species pools and the assembly of communities from them (Ricklefs 1987; Mittelbach & Schemske
2015). Speciation is one of two processes that can add species to a local community, along with
immigration via dispersal. Allopatric speciation of geographically isolated populations in particular may

increase the size of the regional species pool, and thus the number of species arriving at local sites.

Ecological selection: Species differ in their population growth rates. These differences emerge from the
sum of the absolute fitness of all individuals in a population. Such species-level differences can cause
variation in their relative abundance over time, which defines a selection process operating at the level of
species that shapes community structure (Vellend 2010, 2016). Ecological selection is the best-studied of
the four fundamental processes (Cottenie 2005), and is the most diverse with respect to ecological
mechanisms it encompasses. It includes i) the impact of the environment in filtering and sorting species
from the species pool (e.g. “constant” selection, Leibold et al. 2004; Vellend 2010; Soininen 2014), ii)
density and frequency-dependent effects of interactions (e.g. competition, predation and mutualisms), and

iii) impacts of environmental heterogeneity over space or time (variable selection).

Ecological drift: The change in relative abundances of species over time due to random variation in births
and deaths of individuals (Hubbell 2001; Vellend 2010; Gilbert & Levine 2017), leading to stochasticity in
species’ abundances over time. Drift can ultimately only erode local biodiversity due to random losses of
species from communities because it does not generate or introduce new species (Vellend 2016). Drift is
likely the least well-studied of the four community processes, despite the fact that it can play an important
role in community assembly even when other more deterministic processes are operating and species are
not ecologically equivalent (Gilbert & Levine 2017; Svensson et al. 2018). One signature of drift is that its
influence is greater when population sizes are small, such as on islands, isolated lakes, and in small habitat

patches (Hubbell 2001; Melbourne & Hastings 2008; Orrock & Watling 2010).

Note: Ecological selection and drift refer to community-level processes shaping diversity in mixed-species
assemblages (see Vellend 2016), not changes in allele frequencies or abundances within populations of

single species as in evolutionary biology and population genetics.




process of speciation greatly broadens the timescales being considered when conserving ecosystems in the
face of global change. This focus on speciation allows for the recovery time or extinction debt of a
community to be considered in the long term when attempting to understand how a given ecosystem will
respond to human impacts. This integrative approach is important because human activities can impact all
of these fundamental processes, which in turn generate observed biodiversity responses such as species
loss and community turnover. Making cross-ecosystem and process-based comparisons using our
approach (Figure 1) will therefore help to develop a more mechanistic understanding of how humans
impact biodiversity and ecosystem dynamics (Soininen et al. 2015; Twining et al. 2019). For example,
knowing if fundamental differences exist in the strength of dispersal limitation between ecosystem types
may help to understand how species track changing thermal environments during warming, or how
invasive species spread across the two ecosystems. Further, identifying differences, as well as similarities,
in how processes operate will facilitate collaboration between terrestrial and freshwater scientists who

share the goal of reducing negative impacts on diversity (Menge et al. 2009; Mokany et al. 2010).

LINKING HUMAN IMPACTS TO COMMUNITY PROCESSES

In our approach (Figure 1) we focus on how human impacts are mediated by the fundamental community
processes of dispersal, speciation, selection and drift. These processes are not always considered in studies
of ecosystem responses to impacts, yet it is these processes that generate the observed responses of
ecosystems. Traditional approaches to studying human impacts have documented how one or several
drivers such as warming or habitat loss have altered the diversity of ecosystems such as changes in
richness, turnover and abundance. These include studies comparing terrestrial and marine ecosystems
(Blowes et al. 2019) or less often terrestrial and freshwater systems (van Klink et al. 2020). While many of
these studies speculate as to the ultimate causes of ecosystem outcomes, few explicitly consider the full set

of processes shaping diversity in ecosystems. In our approach we fully incorporate these processes of



dispersal, speciation, selection and drift to more mechanistically link ecosystem responses now and in the

future with the myriad ways humans alter these systems.

To demonstrate the utility of our approach, we provide an example of how it could be used to interpret and
explain a hypothetical scenario in which freshwater ecosystems are experiencing less warming-related
turnover (also known as thermophilization) than terrestrial ecosystems (Figure 2). By examining each
fundamental community process as a possible driver of this pattern, we can gain a better understanding of
why differences may emerge across terrestrial and freshwater ecosystems and use this knowledge to make
predictions about other systems and future impacts. In this hypothetical scenario, freshwater communities
are buffered from some warming effects due to the heat capacity of water, which slows warming in this
system. This buffering effect decreases the selection pressure on freshwater communities to thermophilize,
and could drive the hypothesized pattern in which freshwater communities experience weaker warming
impacts. However, it may also be that the dendritic nature of freshwater systems, in particular streams and
rivers, may reduce the capacity for warm-adapted species to enter the community via dispersal, which
would also reduce thermophilization. Finally, our approach increases the focus on the under-studied
processes of drift and speciation as drivers of changes in current and future ecosystems. For example, in
the longer term, freshwater communities may recover from warming-related species losses faster than
terrestrial ecosystems through speciation. This is because the more isolated habitat structure and smaller

population sizes of many freshwater taxa may promote in situ speciation in this ecosystem.

To implement the proposed approach, we synthesize the literature to find key differences and similarities
in how the four major processes operate within each system. We then use the differences and similarities
we identify to infer how terrestrial and freshwater biodiversity may respond to, and recover from, these
impacts. For each process, we provide non-exhaustive but representative examples of some of the major

ways humans impact terrestrial and freshwater ecosystems, paying particular attention to how the process
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Figure 2 | Demonstration of the impact, process, response approach for a warming scenario. In this
hypothetical scenario terrestrial communities (red circle) are turning over towards more warm-adapted
species (aka thermophilizing) faster than freshwater communities (blue circle). The four fundamental
community processes are then used within the context of our approach (Figure 1) to explain this pattern as

a function of potential differences in each process between ecosystem types (see main text and Table 1).

might influence the magnitude of human impacts. We also identify the physical, habitat, chemical and
community properties that likely underlie differences in the strength of processes among ecosystems
(Table 1). Although we focus primarily on the understudied comparison between terrestrial and
freshwater ecosystems, we also reference marine systems when information on oceanic environments and

taxa can provide insights for comparisons.

Dispersal
Dispersal of organisms (Box 1) may be limited either by a lack of intrinsic adaptations for efficient

movement or extrinsic barriers isolating species from suitable habitats. Here we first compare differences
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between terrestrial and freshwater systems in species intrinsic factors, i.e., attributes such as differences in
physiology, behavior and life history (Stevens et al. 2014; Comte & Olden 2018). We then compare
ecosystems in terms of extrinsic factors causing dispersal limitation, such as differences in habitat barriers,
configuration and connectivity (Campbell Grant et al. 2007; Baguette et al. 2013). Overall, findings from the
literature suggest that despite the often-strong intrinsic dispersal abilities of freshwater taxa, the
limitations of extrinsic habitat structure ultimately lead to lower overall dispersal of taxa compared with

terrestrial ecosystems.

Studies comparing dispersal distances for the same taxa, such as plants or invertebrates, in terrestrial and
freshwater habitats suggest freshwater organisms have larger intrinsic dispersal abilities (Boedeltje et al.
2003; Kappes et al. 2014). A key factor that may lead to differences in dispersal abilities is the medium
within which species move. Water is ~800x denser than air, and the high buoyancy this creates selects for
passively-dispersed life stages and promotes long-distance dispersal by flows and currents (Bonte et al.
2012; Cornell & Harrison 2013; Srivastava & Kratina 2013). These differences may be associated with life
history and morphological traits in both aquatic and terrestrial organisms (but see Green et al. 2022 for a
caution on using traits as proxies for dispersal distance). For example, small-bodied organisms generally
require fewer adaptations and lower energetic costs to disperse longer distances in water, whereas traits

designed to increase drag are required to overcome gravity in air (Dawson & Hamner 2008).

Despite the intrinsic potential for long-distance dispersal of many freshwater organisms, freshwater
habitats may be effectively the most dispersal-limited of all major ecosystems. This is most likely due to the
high degree of spatial isolation inherent in the structure of lakes, streams and rivers (Comte & Olden 2018)
and the steep environmental gradients within them (e.g., of light, Stomp et al. 2007). Lakes are in many
ways similar to oceanic islands, in that resident species are isolated by an uninhabitable terrestrial matrix

(Kappes et al. 2014), though systems of ponds and lakes can be interconnected by a network of aquatic
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corridors (Baguette et al. 2013). Rivers experience isolation at two levels: first, because there is little
exchange of organisms across drainage basins (Leuven et al. 2009) and second, because dispersal is
constrained by the dendritic structure and directional flow of river networks (Hanfling & Weetman 2006;
Campbell Grant et al. 2007; Carrara et al. 2012; Wubs et al. 2016). Therefore, many riverine organisms have
relatively small ranges and high levels of differentiation across river branches. Due to the many spatial
limitations just described, freshwater communities are often not saturated (Shurin et al. 2000; Irz et al.

2004), suggesting species are limited in their ability to reach new sites via dispersal (Shurin & Smith 2006).

Human impacts can cause extrinsic limitations to dispersal by creating barriers, increasing heterogeneity
or by reducing habitat connectivity (Figure 3). In highly fragmented landscapes, distances that must be
traveled in order to grow and reproduce often increase, which may lower the fitness of dispersing
organisms (Stamps et al. 2005). Although effects of habitat fragmentation are most often studied in
terrestrial environments, they are thought to be more severe in freshwater systems (Fuller et al. 2015).
Human-made obstacles such as river-crossings and dams can heavily alter species dispersal patterns,
including aquatic invertebrates (Brooks et al. 2013; Sondermann et al. 2015), fish (Barbarossa et al. 2020;
Duarte et al. 2021) and plants (Merritt & Wohl 2006). In addition, in comparison with terrestrial habitats,
fragmentation in dendritic river networks creates habitat patches that are smaller and more varied in size
(Fagan 2002; Fuller et al. 2015). Finally, as river networks influence dispersal between lakes, their

fragmentation may also affect lake-dwelling species (Yi et al. 2010).

Habitat fragmentation and landscape modification are also severe threats to terrestrial biodiversity
(Fischer & Lindenmayer 2007) and the linkages between terrestrial and freshwater ecosystems. For
example, artificial constructions such as roads or fences have been shown to obstruct long-distance
dispersal in mammals (Seidler et al. 2015; Tucker et al. 2018; Barton et al. 2019), plants (Dener et al. 2021)

and even microbes (Le Provost et al. 2021), which were historically considered to be near-universally
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distributed. Interestingly, some freshwater species also utilize the terrestrial matrix for dispersal, which
can help these taxa overcome effects of habitat fragmentation (Zuluaga et al. 2022). For example,
freshwater invertebrates with adults dispersing actively over land through the air better track
environmental variation and are less affected by barriers such as dams (Grénroos et al. 2013; Tonkin et al.
2018). Similarly, the ability of freshwater organisms to use other organisms (e.g., birds) as dispersal
vectors may both mitigate effects of habitat fragmentation and facilitate the spread of invasive species

(Incagnone et al. 2015; Coughlan et al. 2017).

Speciation

Speciation (Box 1) is the engine generating new biodiversity, and not only many species but the process of
speciation itself is under threat from ongoing human activities (Barnosky et al. 2011). Studies have found
that human impacts can both hinder and promote speciation, which has important implications for the
long-term recovery of Earth’s biodiversity (Rosenzweig 2001). Both variation in speciation rate among
lineages and the amount of time and area available for speciation to occur can influence the size of regional
species pools (Rabosky 2020; Miller & Roman-Palacios 2021) and community diversity assembled from it.
This process can also add species to communities directly via in situ speciation (e.g., Gillespie 2004).
However, despite an increasing focus on speciation as a driver of community diversity, less attention has
been paid to how local and regional dynamics of speciation differ among terrestrial and freshwater
habitats, and how these dynamics are altered by human impacts (Figure 3, Table 1). It should be noted that
while the products of speciation can be quickly eradicated, recovering new species via this process occurs

over longer timescales and is outside the scope of many traditional conservation approaches.

Though few direct comparisons of speciation rates have been made between terrestrial and freshwater
habitats, the highest observed diversification rates per clade or lineage per unit time occur in freshwater

ecosystems (Miller et al. 2018; Rabosky 2020; Miller 2021). This may be due in part to the greater isolation
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of freshwater habitats compared to terrestrial environments (Wiens 2015). However, a recent study found
that on average, terrestrial taxa have higher diversification rates than freshwater taxa, though this could be
due in part to older colonization events in freshwater (see below, Roman-Palacios et al. 2022). Future
studies should compare speciation rates among terrestrial and freshwater ecosystems using matched pairs
of clades with similar life histories and a range of dispersal abilities. Such studies would increase our
mechanistic understanding of both the relative importance of speciation among terrestrial and freshwater

ecosystems and how this process shapes the response of these systems to human impacts.

In addition to variation in speciation rates, the amount of time and area available for speciation to occur
can also influence the size of regional species pools, the amount of in-situ speciation, and thus local
community diversity. Terrestrial habitats tend to be older, larger and more stable over geologic timescales
than freshwater habitats such as lakes and streams (Miller 2021). However, they also tend to be better
connected than freshwater habitats, such that new species more quickly expand their ranges beyond their
site of origin. Thus, it may be expected that freshwater systems will tend to have smaller regional species
pools, but that in situ speciation plays a larger role than in terrestrial communities, in particular for
organisms that cannot disperse through air or over land (Gillespie 2004; Miller et al. 2018). Indeed, the
best-known cases of recent rapid in situ species radiations occur in lake-inhabiting fishes such as cichlids
(McGee et al. 2020), salmoniformes (Hudson et al. 2011) and pupfish (Rabosky 2020; Miller 2021; Richards
et al 2021). These differences between ecosystems in area and time for speciation to occur have important
implications for the recovery of diversity and ecological function after human impacts such as habitat and
species loss. For example, immigration from the larger and more connected terrestrial matrix may allow
terrestrial communities to recover more quickly over shorter timescales via dispersal. Whereas in
freshwater communities due to isolation, the much slower process of speciation may be one of the primary

ways these systems recover from species loss.
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Perhaps the primary way human impacts can hinder or decrease speciation rates is through the
destruction and fragmentation of habitat within which new species are formed (Figure 2, Rosenzweig
2001; Barnosky et al. 2011). This occurs primarily through deforestation (or any land-use conversion or
intensification) on land, and damming, draining and eutrophication in freshwater systems (Butchart et al.
2010; Horvath et al. 2019; Ruckelshaus et al. 2020). Due to the relatively small existing area of freshwater
habitats compared to terrestrial regions, future speciation in freshwaters may be more impacted by habitat
loss as the small areas available for speciation to occur become smaller still. For example, pollution in
freshwater systems can cause eutrophication and hypoxic conditions, which greatly reduce the available
amount and diversity of habitats, and often create conditions where endemic species lose all habitat at once
(Vonlanthen et al. 2012; Frei et al. 2022). Over time, pollution in freshwater systems can reduce and
homogenize ecological niche space previously partitioned by species, especially those formed via adaptive
radiation, and lead to the sudden meltdown of species richness in a group, such as in whitefish (Vonlanthen
et al. 2012). Overall, human impacts on local diversity may be greater in freshwater ecosystems, both in the
short term due to habitat loss, over medium timescales as the recovery of diversity via immigration is
limited by dispersal barriers, and over longer timescales as the opportunity for speciation becomes
diminished due to anthropogenic activities. Thus, by incorporating speciation into our approach, we can

make inference about future changes in richness and turnover in these systems (see Figure 1).

In addition to hindering speciation, human impacts may also promote speciation in terrestrial and
freshwater habitats in at least two ways. First, it has been hypothesized that anthropogenic warming could
cause once connected populations to move up in elevation to separate uplifted areas such as within a
mountain range, isolating populations and potentially leading to allopatric speciation (Hua & Wiens 2013).
However, there is no evidence that this process also occurs in freshwaters, as upward shifts in these
habitats are also associated with strong changes in environmental conditions (e.g., water velocity) that

cannot be easily adapted to (Timoner et al. 2020). Second, disturbances caused by habitat homogenization
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and human-mediated dispersal can bring new species into contact and thus promote hybrid speciation. For
example, hybrid speciation at ecological time scales in response to human-mediated dispersal has been
demonstrated in land plants (Abbott 1992) and freshwater fish (Marques et al. 2019). Once hybrids have
formed, altered ecosystems created by humans may further facilitate their survival and spread (e.g., Hoban
et al. 2012), but whether this process adds new species or removes them will depend on whether it is
associated with the gain or loss of habitat and ecological opportunity. Overall, humans have and will
continue to impact the diversity and dynamics of communities by reducing speciation potential, but may

also in some cases promote speciation.

Ecological selection

Understanding biodiversity responses to human impacts will first require an understanding of how the
strength of ecological selection, defined as deterministic differences in fitness among individuals of
different species (Box 1, Vellend 2016), differs between ecosystems (Figure 3, Table 1). This is because
human impacts such as land use, warming and invasive species alter the selection regime by modifying
either abiotic gradients and heterogeneity (e.g., climate change velocity, Loarie et al. 2009) or biotic
interactions such as competition, predation and mutualism (e.g., novel species interactions, Alberti 2015;
Alexander et al. 2015). Below we compare abiotic and biotic aspects of selection across terrestrial and

freshwater ecosystems, and how humans alter the selection regime through various global change drivers.

Selection caused by abiotic factors may vary across ecosystems due to variation in habitat properties
(Table 1) and the strength of environmental gradients. For example, abiotic gradients can vary between
different types of media (e.g., air vs water) due to differences in density, viscosity and heat capacities
(Table 1). In addition, it has been suggested there is overall greater environmental structure on land than
in freshwater systems (Herfindal et al. 2022). However, some gradients may be stronger in water than on

land, such as for light, which can promote niche differentiation in freshwater habitats (Stomp et al. 2007).
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Possibly as a result of these differences, there is evidence that species sorting-when species tend to be
found in local communities matching their environmental preferences (Heino et al. 2015; Govaert et al.
2021)-tends to be stronger on land. For example, species sorting appears to be weakest in lakes compared
to riverine and terrestrial habitats (Soininen 2014), possibly due to their isolation (Heino et al. 2015).
Finally, differences between ecosystems in environmental structure also have major implications for the
evolution of thermal niches (Steele et al. 2018; Sunday et al. 2019) and suggest the ability of species to

track thermal optima in response to climate change may differ across realms (Burrows et al. 2011).

In addition to abiotic effects, selection caused by biotic interactions may also vary between terrestrial and
freshwater ecosystems (Gothe et al. 2013; Pringle et al. 2016; Garcia-Giron et al. 2020). Specifically,
consumptive pressure via predation is thought to be stronger in aquatic systems (Cyr & Face 1993; Cebrian
& Lartigue 2004; Alofs & Jackson 2014). This may be because freshwater systems have a higher prevalence
of generalist consumers, which cause strong top-down control (Cyr & Face 1993; Shurin & Smith 2006;
Alofs & Jackson 2014). Alternatively, the generally higher nutritional quality of freshwater organisms
(Twining et al. 2019; Shipley et al. 2022) may support larger consumer populations and thus increase
predation pressure. However, the high consumptive pressure in freshwaters could also be due to greater
heterogeneity in density of predators caused by dispersal limitation, which would lead to a higher naivete
of prey populations compared to terrestrial habitats (Cox & Lima 2006; Anton et al. 2016, 2020). Finally,
many studies highlight differences in selective pressures within freshwaters between lakes and streams,

and suggest that biotic resistance is weaker in streams (Mitchell & Knouft 2009; Alofs & Jackson 2014).

As outlined above, human impacts are known to have multiple and severe effects on the selection process,
to the point that they can overshadow effects of natural processes (Leprieur et al. 2008). For example,
there is a large body of evidence demonstrating that climatic warming has different impacts in terrestrial

vs marine habitats, however few studies have compared terrestrial and freshwater ecosystems. Freshwater
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habitats, being embedded in a terrestrial matrix, have thermal regimes that are closely tied to air and thus
their temperatures tend to be similar to surrounding land areas (Grant et al. 2021). Among all major
ecosystems, evidence suggests freshwater and terrestrial communities are less affected by warming than
marine systems (Burrows et al. 2011). However, this apparent resilience may lead to accumulation of
greater extinction debts compared to marine systems, which are experiencing the highest community

turnover (Blowes et al. 2019).

A final way humans impact selection regimes is by facilitating biological invasions. For example, it has been
argued that because freshwater habitats represent a more complex matrix of interacting abiotic and biotic
components, invading freshwater species can more easily affect the properties and functions of their
ecosystems than terrestrial taxa (Moorhouse & Macdonald 2015). Invasive species can also alter selection
regimes in communities in a less direct way, by transmitting diseases or by altering abiotic conditions (via
poisoning, bio-fouling or changing other ecosystem properties, Blackburn et al. 2014). These processes not
only affect selection regimes, but can also facilitate further invasions (Ricciardi 2001; Green et al. 2011).
Invasive species effects may also be transmitted between ecosystem in s through various linkages, such as

when invasive plants alter nutrient flows between terrestrial and freshwater habitats (Stewart et al. 2019).

Ecological drift

Ecological drift (Box 1) is generally the most understudied of the four community processes, and has
primarily been considered in microbes and terrestrial plant communities (e.g., Hubbell 2001). However, it
should be noted that the more general process of stochasticity is increasingly studied by ecologists
(Shoemaker et al. 2020). For example, rather than being studied directly, the strength of drift has been
inferred from random variation in species abundance distributions (Chase 2010) or quantified as

unexplained variation in community dynamics models (Vellend et al. 2014). Because few studies directly
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quantify drift, in particular across several ecosystem types, we know very little about how humans impact

this process in terrestrial and freshwater communities (Figure 3).

There are however a small number of studies quantifying drift in plant (e.g., Hubbell 2001; Gilbert &
Lechowicz 2004; Gilbert & Levine 2017), bacterial (Vanwonterghem et al. 2014; Aguilar & Sommaruga
2020), and other microorganismal communities (Devercelli et al. 2016; Logares et al. 2018; Wu et al. 2018;
Vass et al. 2020). And perhaps the best-documented studies of how drift shapes community structure come
from damselfly (Odonata) communities, where species appear to closely approach ecological equivalence
(Svensson et al. 2018; McPeek & Siepielski 2019). Despite this limited evidence, drift may be expected to be
stronger in freshwater habitats than on land due to the much smaller total area these habitats occupy
compared to their terrestrial counterparts (Wiens 2015), especially as these populations are reduced via

ongoing impacts such as damming.

Despite the paucity of studies quantifying drift, it has been demonstrated that human impacts can increase
the overall importance of stochastic processes, which include drift, in both freshwater and terrestrial
systems. For example, species losses, nutrient addition, and warming all increased the relative importance
of stochastic processes in soil microbial communities (Zhang et al. 2016). Similarly, warming and nutrient
addition increased the relative contribution of stochasticity-mainly caused by drift-among lake
bacterioplankton communities (Ren et al. 2017). More generally and as mentioned above, we can expect
that drift and drift-related extinctions will be greater in more isolated and smaller communities (Hubbell
2001; Vellend 2016). Thus, any anthropogenic changes which reduce community size and increase
isolation (e.g., habitat fragmentation or land-use change) should tend to increase the contribution of drift to
community dynamics (Melbourne & Hastings 2008). For example, biological invasions can cause decreased

population sizes and thereby increase species vulnerability to stochastic extinctions (Gilbert & Levine
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2013). Looking forward, a greater focus on the contribution of drift to community dynamics is warranted,

as it is highly understudied but likely very important for shaping human impacts in both ecosystems.

SYNTHESIS AND FUTURE DIRECTIONS

Here we propose an integrative approach for comparing effects of human impacts on freshwater and
terrestrial ecosystems using fundamental processes (Figures 1-3). We find several key differences in the
strength and operation of these processes that suggest differing biodiversity responses in terrestrial and
freshwater ecosystems (Figure 3, Table S1). For example, we find evidence suggesting that i) ecological
selection due to abiotic gradients is stronger in terrestrial ecosystems than in freshwater, ii) that dispersal
limitation may be greater in freshwater communities but by contrast that freshwaters have the highest
potential for recovery via speciation, and iii) that the biggest data gap for cross-ecosystem comparisons is
the relative influence of ecological drift among the two ecosystems. Overall, we found that quantitative
comparisons across ecosystems are generally lacking, though data enabling such comparisons may be
available for many organisms for the processes of dispersal and selection. In contrast, cross-ecosystem
studies of speciation rates tend to focus on a few well-characterized organisms and such studies are largely
missing for drift. Filling these gaps will be essential to fully link the processes of dispersal, speciation,

selection and drift to the future dynamics and recovery of Earth’s biodiversity.

In addition to filling data gaps, the mechanistic realism of our approach could be increased by considering
interactions between community processes and between human impacts, as well as increased
consideration of linkages and flows between ecosystems. For example, interactions between community
processes can modify the effect of global change drivers, as has been found in experiments and models
incorporating both competition and drift (Chesson 2000; Orrock & Watling 2010; Gilbert & Levine 2017),
as well as experiments on the relative role of dispersal and selection (Ron et al. 2018). In addition, we focus

primarily on the effects of single human impacts, though we recognize that these drivers interact in nature
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(Settele & Wiemers 2015). For example, invasive species are often positively affected by global change,
such as increases in temperature or land use intensification (Occhipinti-Ambrogi 2007; Hellmann et al.
2008; Eisenhauer et al. 2012). Finally, many of the ecosystem processes depend to some extent on linkages
between the systems, such as flows of nutrients and organisms between land, rivers and lakes (Soininen et
al. 2015). For example, dispersal of many freshwater insects depends on adult forms that fly (Bilton et al.
2003). Furthermore, transport of nutrients and pollutants between freshwater and terrestrial systems is
known to affect populations in both systems (Kraus 2019; Kraus et al. 2021). As linkages between systems
may be affected by global change drivers (Kraus 2019; Johnson et al. 2021; Kraus et al. 2021), their role

should be more fully addressed in future developments of the proposed approach.

Realizing the full predictive potential of our approach which links human impacts to community processes
will require increased research efforts and dialog between aquatic and terrestrial ecologists, evolutionary
biologists, conservationists and policymakers. Future research aimed at better forecasting human impacts
across ecosystems should include targeted, quantitative studies of the strength and function of single or
multiple processes in both terrestrial and freshwater ecosystems, especially for the understudied processes
of speciation and drift. Furthermore, our approach could be used to parametrize a mechanistic model of
impacts, processes and biodiversity outcomes. Such a model would allow researchers to make more
detailed, mechanistic predictions about how diversity may change in a given ecosystem. This work would
build upon recent processes-based simulation studies used to infer the mechanisms shaping diversity
through deep time, and across communities and spatial scales (Thompson et al. 2020; Hagen et al. 20213,
b). Mechanistic models, when combined with data, can provide more detailed estimates of the relative
importance of processes shaping diversity across ecosystems and increase our understanding of how bio-

physical properties influence the balance and strength of processes (Table 1).
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In conclusion, to tackle the ongoing and accelerating impacts of humans on biodiversity, we must provide a
mechanistic understanding of how these impacts cause changes in terrestrial and freshwater ecosystems.
Our process-based approach developed here may be useful for mitigating many impacts of global change
for several key reasons. First, focusing on the real-world processes which create the diversity and structure
of communities creates a mechanistic bridge between a given human impact, such as climate warming, and
the outcome of this process on assemblages, such as increased turnover or decreased diversity. Second, it
provides a foundation for further research, especially quantitative comparisons and mechanistic models.
Thus, in the same way that these processes are meant to open the 'black box' of community ecology to
understand community patterns (Vellend 2010), our approach has the potential to do the same for

understanding the mechanistic pathways by which humans impact Earth’s biodiversity.
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Table 1 | Key differences between freshwater and terrestrial ecosystems in physical, chemical, habitat and

community properties and their hypothesized effect on community processes

Ecosystem
Category Property comparison Relevant process Hypothesized effect on process Reference
Physical Buoyancy Water > air Dispersal Intrinsic dispersal ability is Bonte et al. 2012; Cornell
greater in freshwater than on & Harrison 2013;
land Srivastava & Kratina 2013
Terminal Air > water Dispersal Intrinsic dispersal ability is Denny 1990; Dawson &
velocity greater in freshwater than on Hamner 2008
land
Spatial Terrestrial > Selection (abiotic) Greater environmental structure Herfindal et al. 2022
structure of marine > on land could lead to stronger
environmental freshwater species sorting compared to
variation freshwater
Light Water > air Selection (abiotic) Freshwater < terrestrial (greater Stomp et al. 2007
attenuation niche differentiation)
Habitat Habitat Rivers: dendritic  Dispersal Dispersal limitations (extrinsic) Baguette et al. 2013;
structure Lakes: isolated are greatest in freshwater Kappes et al. 2014; Wubs
Terrestrial: open habitats, and lowest in marine etal 2016; Comte &
(2D) habitats Olden 2018
Marine: open (3D)
Habitat Terrestrial > Speciation In situ speciation plays larger Gillespie 2004; Miller et
stability freshwater role in dynamics of freshwater  al 2018
than terrestrial communities
Chemical Food quality  Freshwater > Selection (biotic) May increase insect consumer Elser et al. 2000; Twining

terrestrial

populations and thus
consumptive pressure in
freshwater systems

etal 2021

Community Species
richness per
area

Freshwater >
terrestrial

Speciation

In freshwater habitats the
diversification rates-per clade or
lineage per unit time is highest

Miller et al. 2018;
Rabosky 2020; Miller
2021

Frequency of

Freshwater >

Selection (biotic)

Consumptive pressure expected

Pringle et al. 2016; Garcia-

generalists terrestrial to be stronger in aquatic Girén et al. 2020
compared to terrestrial habitats

Naivete to Freshwater > Selection (biotic) Consumptive pressure expected Cox & Lima 2006; Anton

predators terrestrial to be stronger in aquatic etal 2016, 2020

compared to terrestrial habitats

Saturation of
communities

Freshwater >
terrestrial

Selection (biotic)
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Competitive selection is weaker
in freshwater habitats

Shurin et al. 2000; Shurin
& Smith 2006; Alofs &
Jackson 2014
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Habitat Terrestrial > Speciation In situ speciation plays larger Gillespie 2004; Miller et
stability freshwater role in dynamics of freshwater  al 2018
than terrestrial communities
Chemical Food quality  Freshwater > Selection (biotic) May increase insect consumer Elser et al. 2000; Twining

terrestrial

populations and thus
consumptive pressure in
freshwater systems

etal 2021

Community Species
richness per
area

Freshwater >
terrestrial

Speciation

In freshwater habitats the
diversification rates-per clade or
lineage per unit time is highest

Miller et al. 2018;
Rabosky 2020; Miller
2021

Frequency of

Freshwater >

Selection (biotic)

Consumptive pressure expected

Pringle et al. 2016; Garcia-

generalists terrestrial to be stronger in aquatic Girén et al. 2020
compared to terrestrial habitats

Naivete to Freshwater > Selection (biotic) Consumptive pressure expected Cox & Lima 2006; Anton

predators terrestrial to be stronger in aquatic etal 2016, 2020

compared to terrestrial habitats

Saturation of
communities

Freshwater >
terrestrial

Selection (biotic)
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Competitive selection is weaker
in freshwater habitats

Shurin et al. 2000; Shurin
& Smith 2006; Alofs &
Jackson 2014



SUPPORTING INFORMATION

Table S1 | Overview of studies comparing how human impacts may, or may not, differ in type or severity

among terrestrial vs freshwater ecosystems, organized by the process which humans impact

Process Human impact

Dispersal Habitat
fragmentation

Climate
change

Effects in freshwater ecosystems Effects in terrestrial ecosystems

Fragmentation in freshwater systems Extrinsic features of terrestrial systems (e.g., more
creates smaller and less uniform patches  topological linkages) favor more dispersal

(Fagan 2002; Fuller et al. 2015) (Srivastava & Kratina 2013; Fuller et al. 2015)

Freshwater organisms have more intrinsic
adaptations to disperse in fragmented
habitats (Boedeltje et al. 2003)

To track changing climates, species disperse and alter
habitat structure and diversity (Lurgi et al. 2012;
Travis et al. 2013; Steinbauer et al. 2018)

Speciation Habitat loss

Eutrophication

Climate change

Because of the smaller existing area of
freshwaters (Wiens 2015), effect of habitat
destruction on speciation may be stronger

Eutrophication in freshwaters can cause
stronger changes (e.g., depletion of oxygen)
and a greater reduction in speciation
(Vonlanthen et al. 2012; Frei et al. 2022)

Shifts in elevation could separate previously
connected terrestrial populations, leading to
increased speciation (Hua & Wiens 2013)

Ecological Climate change
selection

Invasive species

Due to buffering capacity of water, Selection regimes may be altered via novel
warming may be less severe in freshwater competitors moving across elevation in response to
systems (Steele 1985; Vasseur & Yodzis climate change (Alexander et al. 2015)

2004)

Increased species sorting (selection) along shifting
terrestrial gradients (Loarie et al. 2009)

Because of more complex freshwater
interactions, invasions may have more
complex effects on freshwater systems
(Moorhouse & Macdonald 2015)

Higher naivete of prey populations to
exotic predators in freshwater systems
(Cox & Lima 2006; Anton et al. 2016, 2020)

Ecological Habitat loss
drift

Decrease in population sizes (Pereira et al. Decrease in population sizes (Pereira et al. 2010)
2010)
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