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Key Points
e Lakes and ponds harbor diverse assemblages
e Freshwater biodiversity is shaped by processes acting from local to global scales

e Aquatic organisms and ecosystems are threatened by diverse human-mediated stressors

Abstract

Pond and lake ecosystems possess unique geophysical attributes that support diverse
assemblages. Freshwater biota are among the most diverse, but also most threatened, taxa on the
planet. Geological origins of waterbodies can play significant roles in structuring biodiversity,
as can latitude, size (surface area, depth), shape, connectivity, and environmental conditions.
Major threats to the biodiversity of freshwater ecosystems include habitat alteration, harvest,

pollution, and the introduction of invasive species.
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Glossary

pelagic: open-water habitat

littoral: well-lit, typically shallow habitat
benthic: bottom or sediment-associated habitat
lotic: flowing water

lentic: still water

Introduction

Freshwater lakes and ponds are found on all continents, and can be home to diverse communities
of highly specialized taxa. Yet, due to the broad distribution of these waterbodies and challenges
in sampling, knowledge of freshwater biodiversity is still incomplete, particularly for small-
bodied taxa. Here, we consider overarching patterns of lake and pond biodiversity and how this
biodiversity relates to ecosystem functioning by examining the roles of macroecological forces,
environmental stressors, and geophysical structures unique to freshwater habitats. We note
important knowledge gaps and future research needs to meet conservation goals for freshwater

biodiversity.

1.0 Types of Waterbodies

Freshwater lakes and ponds are globally ubiquitous and can be found on all continents; however,
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they are proportionally rare, covering only 3% of the Earth’s surface (Downing et al., 2006).
Using a functional definition, ponds are small (surface area <5 ha), shallow (maximum depth <5
m), and have minimal emergent vegetation (<30%) (Richardson et al., 2022). Lakes are
relatively large (surface area >5 ha), deep (maximum depth >5 m), and also typically have
minimal emergent vegetation. Worldwide, ponds are incredibly numerous: there may be as
many as 3.5 billion waterbodies <1 ha in size (Downing, 2010). By contrast, it’s estimated that
there are 1.4 million lakes >10 ha (Messager et al., 2016). Both lakes and ponds provide critical

ecosystem functions and can support high biodiversity (e.g., Oertli et al., 2002).

1.1 Broad Characteristics of the Geography in Lakes and Ponds

Freshwater habitats are widely considered to be transient in geologic time and space in
comparison with both terrestrial and marine habitats. This is true for many lakes and ponds;
however, there can be great differences in the nature and the diversity of their biota depending on
the origin and connectivity of the freshwater system. Several broad categories of waterbodies
may be recognized, where biodiversity differences are driven primarily by lake or pond origin

and frequency of connectivity to other aquatic systems.

1.1.1 Origin

The origin of lakes and ponds formed by natural geologic or anthropogenic processes can have
important implications for their biodiversity. Both the length of time a basin takes to form (i.e.,
gradual vs. rapid processes), the time since formation, the permanence of the system, and the
physical characteristics of each lake or pond govern both the physical and chemical structure of

these waterbodies and the types of organisms that can be found there.
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The majority of naturally formed lakes, ponds (and estuaries) result from a few main
geologic processes: gradual tectonic activity, volcanism, and glacial activity. Tectonic activity
drives basin formation along single (“rift”) or multiple (“graben’) fault-lines, often resulting in
deep lakes with large surface areas (e.g., Lake Baikal). Uplift along fault-lines creates large,
shallow lakes (e.g., Lake Okeechobee, Lake Chad). Volcanism can form small, deep crater lakes
within volcanic cones (“calderas”), or indirectly through lava flow dams. Glacial retreat results
in a variety of lake shapes, or morphometries, as glacial debris, chunks of ice, or physical basins
by glacial scouring are left behind. These lakes range from small to large (e.g., “cirque”,
piedmont lakes) and shallow to deep (e.g., kettle lakes, fjords/estuaries). Glacial activity is
ongoing under a warming climate, and new lakes are currently being formed at a rapid pace
(Buckel, Otto, Prasicek, and Keuschnig, 2018). Other geophysical or biological processes related
to the movement and composition of water can result in several natural lake types: solution or
“karst” lakes, riverine floodplain “oxbow” lakes, and dammed lakes formed from sediment
deposits or organisms (e.g., beavers). In contrast to relatively larger and deeper lakes, ponds are
small and shallow systems, but can be formed by the same geophysical processes as lakes.

Human-made lakes (i.e., reservoirs) and ponds are constructed for purposes including
energy generation, agricultural irrigation, wildlife habitat, stormwater management, or ecosystem
restoration. Damming of small rivers is a millennia-old practice; however, construction of both
large (>15 m height) and small dams and associated reservoirs over the past century has
substantially altered lotic ecosystem hydrology (Carpenter, Stanley, and Vander Zanden, 2011).
Reservoir size and shape depend on the stream or river size that is dammed, the surrounding
geology, and each dam’s management practices. Reservoirs have substantial impacts on both

upstream and downstream hydrology, physical and chemical conditions, and impacts on
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biological communities both during formation, maintenance of the impoundment, and upon
removal (Carpenter, Stanley, and Vander Zanden, 2011). Construction of human-made ponds
comprises 42% of waterbodies in nine states of the United States (Smith, Renwick, Bartley, and
Buddemeier, 2002), suggesting that they are a significant component of the aquatic landscape
(Downing et al., 2006). Both human-made and natural ponds are fundamentally ecologically
equivalent, in spite of differences in formation, acting as important local biodiversity hotspots
and providing numerous ecosystem services (Céréghino et al., 2014).

In addition to permanent lakes and ponds listed above, some lentic waterbodies are
temporary or ephemeral. These lakes or ponds are often isolated and shallow natural or human-

made depressions that are alternatively present or absent during wet or dry periods.

1.1.2 Lake and Pond Connectivity

The spatial context of lakes and ponds may have significant effects on organisms (Olden,
Jackson, and Peres-Neto, 2001; Zarnetske et al., 2017; King, Bremigan, Infante, and Cheruvelil,
2021). Using a landscape ecology lens, we can consider three main types of systems that vary
across dimensions of spatial and temporal connectivity.

First we consider lakes and ponds that are permanently or frequently connected to river
systems. This category includes river-connected lakes (e.g., Lake Geneva) or lakes that are part
of a large floodplain system (Jones, 2010). In these lakes, exchanges of flora and fauna occur
with the main river system so that their biota is usually greatly similar to the biota of the river
system itself with the exception of a few species adapted to lentic waters.

Next, we consider isolated lakes and ponds with a limited drainage system. These could

include headwater systems completely isolated from other surface water connections. Biota in
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these lakes have evolved in isolation from other species for a relatively long period of time,
leading to speciation and endemicity over a sufficiently long time period. At higher latitudes and
altitudes, Ice Age phenomena created most of the lakes in existence today. Therefore, the great
majority of existing lakes are geologically very young and occupy basins formed by ice masses
or glacial erosion after the retreat of continental ice sheets some 10,000 years ago. All such lakes
are expected to fill slowly with sediment and to disappear in the future, along with any isolated
and dispersal-limited biota.

In contrast with “young” lakes, which acquired their fauna and flora via aerial transport
by wind, animal-mediated dispersal, and/or river-mediated dispersal (for more connected
waterbodies), ancient lakes have been isolated for long time periods (i.e., >100,000 years),
allowing speciation processes to occur. Only a few existing lakes are known to be much older,
and most of them occupy basins formed by large-scale subsidence. They may date back to 20
million (Lake Tanganyika) or 30 million (Lake Baikal) years. These ancient lakes are of
particular interest for biodiversity because they exhibit a rich endemic fauna and flora (e.g.,
Cristescu, Adamowicz, Vaillant, and Haffner, 2010).

Lastly, we can consider temporary lakes and ponds. Temporal connectivity is limited to
wet periods in ephemeral or intermittent waterbodies. These temporary waterbodies (e.g., playas,
vernal pools, tinajas) can host diverse assemblages, with fauna and flora that exhibit special

biological adaptations to seasonal drying (Williams, 1997).

2.0 Origin and Diversity of Freshwater Biota
2.1 Major Groups

It is thought that the early evolution of all the major animal phyla took place in the ocean. Most
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phyla are predominantly marine and benthic: 32 phyla are found in the sea, 11 of which are
exclusively marine, whereas 14 are represented in freshwater and 12 are found on land (May,
1994). Compared to the ocean, freshwater systems are deficient in major taxa and there are no
uniquely freshwater metazoan phyla. The osmotic challenges of life in freshwaters probably
discouraged invasion of the habitat by many marine invertebrates.

Major taxonomic groups in freshwater systems include: prokaryotes (Archaea and
bacteria), protists (algae, protozoa), sponges, fungi, rotifers, annelids, microscopic and
macroscopic crustaceans, insects, molluscs, fish and other vertebrates, and macrophytes. Some
taxa only spend part of their life cycle in water (e.g., insects, amphibians), or move between

freshwater and marine systems (e.g., Pacific salmon, eels) at some point in their life cycle.

2.2 Evaluating Biological Diversity

Freshwater ecosystems support significant biodiversity globally, containing about 10% of all
animal species and 33% of vertebrate taxa (Dudgeon et al., 2006; Strayer and Dudgeon, 2010).
In spite of rigorous efforts by taxonomists, a good estimation of the total number of species
occurring in freshwater lakes and ponds does not exist. Recently, Balian et al. (2008) synthesized
data from 163 experts on 59 different taxonomic groups of freshwater animals as part of the
Freshwater Animal Diversity Assessment. They found ~126,000 species, representing nearly
10% of the total number of animal species globally (Table 1). Within the same assessment,
Chambers et al. (2008) identified >2600 macrophyte species globally. However, the authors
noted substantial geographic and taxonomic gaps. This is particularly true for microscopic
organisms (e.g., algae, protists), with estimates of tens to hundreds of thousands of species many

of which are not named yet (Sheath and Wehr, 2015). We shall provide here some additional
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recent findings about aquatic biodiversity.

<Table 1 near here>

2.2.1 Diversity of the Microbial Loop and Plankton

Plankton broadly consist of floating or weakly swimming organisms. The importance of bacteria
and protozoa activities in the trophic structure of lacustrine food chains has been largely
underestimated in the past. The major role played by microorganisms in controlling energy and
nutrient fluxes is now better understood following the discovery of the microbial loop (Azam et
al., 1983) and its role as a source or a sink for carbon and energy flow to higher trophic levels in
pelagic systems. We know now that these microorganisms can control major fluxes of energy
and nutrients. In some cases, 50% of the photosynthetic production does not pass directly to
higher trophic level but is diverted into a microbial loop where nutrients are rapidly
remineralized and fed back to the dissolved inorganic pools.

Several major size classes are usually recognized in pelagic, or open-water, plankton:
picoplankton (0.2-2.0 um), nanoplankton (2-20 pm), microplankton (20-200 pm), and
macroscopic plankton (>200 um; e.g., meso-, macro-, and megaplankton). In the late 1970s,
phototrophic and heterotrophic picoplankton (e.g., bacteria, cyanobacteria) were discovered in
great abundance in both marine and freshwater ecosystems. Among the nanoplankton are
photosynthetic and heterotrophic protists (flagellates, ciliates, amoeba), small algae and diatoms.
Grazing by heterotrophic organisms in this size class can assert strong top-down control over
bacterial diversity and they are capable of consuming nearly the entire daily bacterial production
(Yannarell and Kent, 2009). Nanoplankton also contribute substantially to primary production,

regenerate significant amounts of nutrients, and serve as prey for micro- and mesoplankton.
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Microplankton include the majority of phytoplankton taxa, large ciliate protozoans, rotifers, and
juvenile, or “naupliar” life stages of copepods, while larger size classes include important
detritivorous, herbivorous, and predatory crustaceans such as ostracods, cladocerans, and
copepods.

Traditional taxonomic identification of plankton via microscopy is challenging,
particularly for the smallest size classes. Indeed, a recent comparison of light microscopy and
DNA metabarcoding techniques found that diversity of cyanobacteria in the picoplankton size
range were vastly underestimated using microscopy across a range of lake types (MacKeigan et
al., 2022). With recent advances in molecular techniques, it is becoming apparent that the
taxonomic diversity among picoplankton, as well as larger size classes of plankton, is much

wider than that among the animals and plants.

2.2.2 Diversity of Invertebrates

Freshwater invertebrates include rotifers, nematodes and annelids, various micro- and macro-
crustaceans, larval and adult insects, and molluscs, and encompass a broad array of
morphological, trophic, life history, behavioral, and physiological traits. The global diversity of
invertebrates is estimated to exceed >125,000 species (Table 1), though this is certainly an
underestimate (Balian, Segers, Lévéque, and Martens, 2008). Although some invertebrate
groups are relatively well-described (crustaceans, molluscs), others are poorly studied
(nematodes, turbellarians) (Balian, Segers, Léveque, and Martens, 2008). For example, it is
estimated that 97% of nematodes are undescribed across all realms (Hugot, Baujard, and
Morand, 2001).

As aresult of this diversity, invertebrates are critical to lake and pond functioning, often
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acting as a trophic intermediary between primary producers and higher trophic levels, like fishes
and other vertebrates. Many invertebrate taxa (e.g., insects, molluscs) act as important indicator
species, where their presence and abundance reflects broader ecosystem health. Key differences
in invertebrate diversity are driven by habitat types, both across and within waterbodies. For
example, permanent waterbodies were observed to have higher invertebrate diversity compared
to temporary waterbodies in a global meta-analysis (Anton-Pardo, Ortega, Melo, and Bini,
2019). Further, diversity of invertebrates is thought to be far greater in benthic, or bottom,
habitats within waterbodies compared to open-water habitats, with benthic habitats supporting up
to 50x more species compared to pelagic zones (Vander Zanden and Vadeboncoeur, 2020).
Though freshwater invertebrates have comparable numbers of described species to freshwater
fishes, they are far less studied (Strayer, 2006), with consequences for our understanding of their

role in freshwaters.

2.2.3 Diversity in Freshwater Sediments

About 175,000 species of organisms associated with freshwater sediments have been described,
including bacteria, protozoans, microcrustaceans, molluscs, insects, algae, and plants, but the
true number is likely much higher than this (Palmer et al., 1997). Species living in the upper
layers of sediments are critical in mediating biogeochemical processes, including decomposition
of organic matter, chemical or photosynthetic production, and the movement of contaminants,
gases, and other materials. The number of species associated with sediments can scarcely be
estimated. For example, rotifer diversity is poorly understood for freshwater sediments, but it is
estimated that there are thousands of undescribed species.

Most freshwater sediment species are small and concentrated in the upper sediment
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layers. In sufficiently deep lake or pond systems, the availability of light limits the development
of plants and photosynthetic organisms in benthic zones, which may therefore be scarce or
absent in most sediments. Moreover, oxygen level may influence species richness and the

number of species is low in anoxic, or low-oxygen, waters.

2.2.4 Diversity of Vertebrates
Presently, 25,000 fish species have been described. Some 12,000 species are found only in
freshwaters (Balian, Segers, Léveque, and Martens, 2008), a large proportion of which occur in
lakes and ponds. The freshwaters are therefore disproportionately rich in species of fishes on the
basis of area when compared to oceans. That could be viewed as the result of the patchy nature
of inland waters, which can lead to speciation and high endemicity of the biota. Fish live in
almost every conceivable type of aquatic habitat; therefore, they exhibit enormous diversity in
morphological, trophic, behavioral, and other life history strategies.

Other vertebrate species occur in or adjacent to freshwaters: a few mammals, several reptiles,
and many birds and amphibians. Quantitative estimates of the total number of vertebrates whose
life cycles include lakes or pond habitats suggest that there are >18,000 species globally that rely

on these systems (Table 1).

2.3 Diversity Lens

Taxonomic diversity is but one lens to examine biodiversity. Lake and pond ecosystems also
support broad functional, phylogenetic, genetic, and intraspecific diversity. Management and
conservation decisions for lake and pond ecosystems may greatly depend on which diversity lens

is used, and recent research in other ecosystems suggests that exploring communities from a
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combined perspective of traits and functions, evolutionary history, and genetic diversity can
support different and more holistic perspectives on biodiversity and how they function (Longhi
and Beisner, 2010).

The creation of the National Ecological Observatory Network (or NEON) in the United
States will support efforts to understand these multiple facets of diversity in freshwater, as well
as terrestrial, ecosystems. NEON consists of a network of observation facilities at the
continental-scale and is designed to collect long-term ecological data to better understand how
ecosystems are changing. Early synthesis efforts have described vast species diversity of
multiple taxonomic groups across time and space (Li et al., 2022b). Here we show that
taxonomic biodiversity across lentic freshwater NEON sites varies dramatically across space and
taxa (Figure 1). Across taxonomic groups, richness varied from 2-3x between sites, with the
largest differences in algal richness between the least diverse site (Suggs Lake, with an average
of 75 taxa) and the most diverse site (Little Rock Lake, average 258 taxa).

<Figure 1 near here>

3.0 Patterns of Diversity
By examining patterns of diversity both across and within waterbodies, we illustrate how lakes

and ponds are both similar and different compared to other types of ecosystems.

3.1 Macroecology
Across waterbodies, it is usually assumed that species diversity increases from high to low
latitudes for most of the major groups of plants and animals and that the highest diversity occurs

at low latitudes. In freshwaters, however, this latitudinal trend in species richness is often
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reversed. Tropical lakes have abbreviated zooplankton faunas compared with temperate locales
(Fernando, 1980); they are depauperate in large-bodied species of copepods and cladocerans, and
limnetic rotifers are likewise poorly represented. Similarly, diving beetles are more diverse in
temperate regions compared to tropical regions (Morini¢re et al., 2016). However, fish species
richness and endemicity is actually lower in north temperate lakes of glacial origin than in older
lakes from tropical areas.

Community ecologists used to compare isolated freshwater systems to biogeographic
islands. The relationship of species number to area containing those species is a well-known
empirical observation, and a power function is widely used to describe this pattern
mathematically: S=cA4%, where S is the number of species, 4 the area, Z the slope of the
regression line, and ¢ a constant. It can also be expressed as log S=c+Z logA. For example,
crustacean zooplankton species richness was significantly correlated with lake surface area
(Dodson, 1992). The species area curve for North American lakes is statistically different from
and steeper than the corresponding European curve (slopes, respectively, 0.094 and 0.054). This
positive relationship was also observed for rotifers, macrophytes, and fishes (Dodson, Arnott,
and Cottingham, 2000). However, others have postulated that area per se does not account for
species richness, but rather, reflects the influence of other covariates, such as energy inputs,
primary production, and top-down pressure by fish communities (Hessen et al., 2006; Hessen,
Bakkestuen, and Walseng, 2007). Further, small and isolated lakes and ponds can have relatively
high species richness, if fish are not present (Scheffer et al., 2006).

The metabolic theory of ecology has also been demonstrated to predict species richness
in lakes and ponds. In this model, environmental temperature and richness are positively related,

owing to physiological constraints (Allen, Brown, and Gillooly, 2002); however, support for the
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hypothesis has been equivocal. The metabolic theory performed poorly compared to the species
richness-energy model for North American crustacean zooplankton richness (Pinel-Alloul et al.,
2013), but phytoplankton richness was generally well predicted by the metabolic theory across

three continents (Segura et al., 2015).

3.2 Biogeography

Many of the lakes at higher latitudes and altitudes were formed at the end of the last Ice Age.
They are therefore very young compared to ancient lakes, and they acquired their fauna and flora
via the rivers that supply them with water via runoff in their basin and via aerial transport by
wind or animals. Dumont (1994), in a review of the species richness of the zooplankton in
ancient lakes, provided evidence that these waterbodies have simple pelagic communities. The
number of species regularly found in the pelagic plankton of ancient lakes (pre-Pleistocene)
varies from three (Lake Tanganyika) to approximately 15 to 20 in Lakes Victoria, Biwa, and
Titicaca, typically with five copepod, five cladoceran, and 10 rotifer species. In contrast,
“young” lakes may have nearly double the number of species, with up to 10 copepod, 10
cladoceran, and 10 to 15 rotifer species occurring together. In the oldest lakes (Baikal,
Tanganyika), which also happen to be the deepest, this simplification of richness is extreme,

where the food web collapses to a linear chain.

3.3 Vertical Distribution in Within Waterbodies
Aquatic organisms are not evenly distributed along depth. Water characteristics are relatively
uniform in shallow lakes and ponds, which are mixed by winds; however, deeper lakes exhibit

patterns of vertical gradients for temperature and light. Briefly speaking, the lake is divided by a
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thermocline into an upper layer, the epiliminion, and a lower layer, the hypolimnion. Most
diversity occurs in the oxygenated upper layer while the lower layer may be deoxygenated if
ecosystem respiration is high (e.g., from dying phytoplankton). Photoautotrophs will largely be
found in these upper, well-lit regions, but may also migrate vertically to access nutrients. In some
stratified lakes therefore, biota may be depauperate, except for bacteria, at greater depths. In
lakes with well-oxygenated hypolimnia, fish and other invertebrate aquatic organisms may live
at deeper depths, and instead are influenced by temperature regimes. For example, cool and
coldwater adapted fishes may occupy the metalimnion and hypolimnion in stratified lakes. As a
consequence, zooplankton and other invertebrates may exhibit diel vertical migration (or shifts in
their position in the water column) in response to predation pressure by fishes, spending daylight
hours in deeper waters and migrating upwards to feed at night.

There is an exception to this rule in Lake Baikal, which is the deepest lake in the world
with a maximum depth of 1620 m. The mechanism of mixing of the deep water zone is still not
completely understood, but the entire water column of this lake is well oxygenated. Life for fish
and invertebrates is therefore possible from the surface to maximum depth, which is exceptional
for freshwater systems. Lake Baikal is therefore unique among inland systems and includes some
of the deepest-occurring freshwater animals. Fish species from the family Abyssocottidae in
Lake Baikal are adapted to deep water and do not occur above 400 m, with physiological

adaptations including reduction in eye size and resistance to high pressures (Sideleva, 1994).

3.4 Morphometry and Species Richness
Species diversity within a lake is a function of the diversity of microhabitats: the more ecological

niches in the lakes, the more species may be expected. The lake's morphometry is basic to its
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structure: deep, steep-sided lakes do not offer as many biotopes as shallow, flat lakes. In shallow
lakes, most of the lake bottom may be colonized by plants and animals (the benthic flora and
fauna), while in deep lakes, only a small part of the lake bottom is colonized, corresponding to
vertical profiles in light. Generally speaking, deep lakes are dominated by planktonic organisms,
usually associated with suspended particles. In shallow lakes, benthic organisms are dominant
and the heterogeneity of lake bottom, as well as the development of macrophytes, may increase

the diversity of benthic species.

3.5 Local Environmental Factors

Local, or within-lake, environmental factors can also affect biodiversity in freshwater lakes and
ponds. Variables such as salinity, nutrients, contaminants, UV light, temperature, dissolved
oxygen, pH, sediment, and biotic factors may alter species diversity. Additionally, fluctuations
in these variables may also constrain biodiversity. In the Paradox of the Plankton, Hutchinson
(1961) observed that the sheer diversity of phytoplankton in waterbodies could not be explained
by the relatively few limiting resources that they require and given that the principle of
competitive exclusion predicts that two species competing for the same resource cannot coexist.
However, Hutchinson (1961) and others have observed that environmental fluctuations in time
and space can prevent competitive exclusion (among other explanations). More recently, factors
such as top-down predation, evolution, and turbulence have shown promise in understanding this

longstanding paradox (Bracco, Provenzale, and Scheuring, 2000; Behrenfeld et al., 2021).

4.0 Biodiversity Processes Governing Freshwater Ecosystems

One of the most pressing questions for freshwater scientists, particularly in the face of rapid
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global change, is to predict how biodiversity processes that govern lake and pond ecosystem
function will respond to natural and anthropogenic stressors. There is substantial evidence that
biodiversity is a driving process in how ecosystems function and respond to perturbations

(Cardinale et al., 2012).

4.1 Ecosystem Functioning

Lakes and ponds provide numerous ecosystem functions, many of which are supported and
mediated by ongoing interactions between the organisms and the physico-chemical
characteristics of the system. These organism-driven ecosystem functions rely on system-wide
diversity as well as individual species’ traits (Vaughn, 2010) to provide services that are
beneficial for humans, also called “ecosystem services” (Ehrlich and Ehrlich, 1981). Broad
categories of ecosystem services include supporting (e.g., nutrient cycling, water quality),
regulating (e.g,. carbon sequestration, climate regulation), provisioning (e.g., food resources,
water supply, species’ habitat), and recreational and cultural services.

There is substantial evidence that alterations to or loss of biodiversity can negatively
affect ecosystem processes (Bronmark and Hansson, 2002), not just from the loss of species
richness, but from the loss of species’ traits (Cardinale et al., 2012). Further, these biodiversity-
ecosystem function effects can vary substantially, depending on individual lake or pond system
characteristics, their community of organisms, and/or spatial and temporal scales (Vaughn,

2010).

4.2 Bottom-Up vs. Top-Down Control of Ecosystem Function

In the classical limnological approach, competing perspectives on the forces driving community
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structure and associated ecosystem functions set “bottom-up” and “top-down’ control as
mutually exclusive processes (Hunter and Price, 1992). In systems governed by “bottom-up”
control, competition for limited resources between primary producers has consequences for
primary productivity and the upward flow of energy through the system to higher trophic levels
(Taylor, Vanni, and Flecker, 2015). The competing and often dominant “top-down” perspective,
suggests that the effects of top predators cascade down trophic levels to affect primary
productivity and are responsible for controlling the state of the entire ecosystem (Gliwicz, 2002).
More recent evidence suggests that these processes act simultaneously (Taylor, Vanni, and
Flecker, 2015) and their relative importance varies depending on local conditions and
community composition (Vaughn, 2010). The interplay between bottom-up and top-down
processes can both affect and be affected by changes in biodiversity (e.g., eutrophication, fish
kills, overharvest) (Taylor, Vanni, and Flecker, 2015).

Increases in limiting nutrients, predominantly phosphorus and nitrogen, alter ecosystem
functions through planktonic and detrital pathways (Taylor, Vanni, and Flecker, 2015), with
bottom-up consequences for biomass and composition of the phytoplankton community, as well
as higher trophic levels (Hulot, Lacroix, and Loreau, 2014). However, consumers can influence
the biomass and diversity of organisms at lower trophic levels directly via predation (e.g., size-
selective feeding) or indirectly through interactions that alter competitive or consumer-resource
interactions at lower trophic levels (e.g., trophic cascades) (Polis et al., 2000). Changes in top
and intermediate predators can affect biomass, composition, and functional identities of lower
trophic levels (Carpenter, Stanley, and Vander Zanden, 2011), mediate bottom-up effects by
altering nitrogen and phosphorus ratios and primary production, and in turn modify ecosystem

respiration, and nutrient cycling and storage. The relative strength of bottom-up and top-down
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processes remains a pressing ecological question in lake and pond ecosystems, particularly as
these processes continue to be affected by changing natural and anthropogenic pressures, and

impact management practices (Kolding et al., 2008).

4.3 Biological Diversity and Stability

Ecosystem stability is generally considered to be the ability of a system to “bounce back”
to a previous state of ecosystem functioning, or to resist perturbations to ecosystem function
(Downing and Leibold, 2010). Stability can be affected by cross-scale stressors where ecosystem
responses are dependent on the often complex interplay between patterns of species diversity,
community structure, and non-independent species’ traits, which often respond directly or
indirectly to the same environmental or anthropogenic stressors (Symstad et al., 2003; Ives and
Carpenter, 2007). Theoretical and even empirical studies into broad patterns of diversity-stability
in lake and pond ecosystems often provide opposing conclusions, largely as a result of
differences in spatial or temporal scales, or different perspectives on stability as a response (e.g.,
productivity, resistance vs. resilience, invasibility, compensatory dynamics, and
invasion/colonization and extinction dynamics). Recent empirical evidence, however, provides
important avenues for further exploration. For instance, the diversity-compositional stability
relationship of plankton communities varies biogeographically with latitude and altitude (Shurin
et al., 2007). Additionally, dreissenid mussel invasions precipitated changes to ecosystem-wide
stability in nutrient flows, which in turn, impacted food web structure (Conroy and Culver,
2005). Unpacking the complexity of the diversity-stability relationship in lake and pond

ecosystems is an important research area moving forward.
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4.4 Biodiversity and Food Webs

Food chains and webs are conceptual models that depict trophic, or feeding, interactions among
species in a freshwater community as a network, where the diversity of organisms is represented
as individual nodes. These models are often well-resolved taxonomically in freshwater systems
(Thompson, Dunne, and Woodward, 2012), and provide a picture of the processes at work in
ecosystems, particularly the flow of energy between organisms. These models occupy a central
position in community and ecosystem ecology, as they provide useful qualitative and
quantitative representations of important drivers of community composition (e.g., competition,
predation) and ecosystem function (e.g., biomass distribution, energy fluxes) across trophic
levels (Thompson, Dunne, and Woodward, 2012).

Changes to food web structure can result from local or broad-scale environmental or
anthropogenic factors, with consequences for ecosystem-wide flows of energy and function. For
instance, at the local scale, invasion by two bass species led to declines in prey-fish abundance
and richness and a decrease in lake trout trophic position in Canadian lakes (Vander Zanden,
Casselman, and Rasmussen, 1999). Overharvest of inland fisheries often targets the largest fish
taxa, which has top-down and cascading consequences on the biomass and diversity of lower
trophic levels (Allan et al., 2005). Further exploration of the role of biodiversity within food
web structure and ecosystem function in response to abiotic and biotic processes has important

implications for management and conservation of lake and pond ecosystems.

5.0 Threats to Biodiversity
Freshwater ecosystems support significant biodiversity. The concentration of people around

freshwater systems has resulted in a much greater degree of degradation to these systems than
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most open marine or even terrestrial systems. As a result, freshwater biodiversity is declining at
a far higher rate compared to marine and terrestrial ecosystems (Grooten and Almond, 2018).
Indeed, populations of freshwater species have declined by an average of 83% since 1970, with
the most severe declines in freshwater fishes. Some key threats to freshwater biodiversity are

examined below.

5.1 Habitat Loss and Alteration

Competition for water may result in the total or partial desiccation of lakes and ponds through
various diversions and impoundment of tributaries. Water is withdrawn most often from aquatic
systems for irrigation, flood control, and urban and industrial consumption. A spectacular
example is provided in the Aral Sea, a large saline lake in the terminus of an extensive inland
drainage basin in south-central Asia. The need for water to irrigate crops has resulted in
diversion of most of the waters flowing into the Aral Sea. These diversions, as well as poor
agricultural practices, have resulted in a marked decrease in surface area (80%) and an increase
in salinity (from c. 10 to >120 g/1) since the 1960s (Gaybullaev, Chen, and Gaybullaev, 2012).
Fish have virtually disappeared from the lake and the diversity of associated bird and wildlife
communities has decreased. Many invertebrate taxa have also disappeared (Williams and Aladin,
1991). Another more recent example is the mega-drought affecting the American Southwest.
Reservoirs in the Colorado River system provide water for over 40 million people, including
irrigation and municipal water. These reservoirs have declined to historic low levels as the 23-
year drought has proceeded, with the two largest reservoirs, Lake Mead and Lake Powell,
declining from 95% full to 25% since 2000 (Wheeler et al., 2022). These declines have resulted

in massive losses of lentic aquatic habitat, with unknown, though likely significant,
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consequences for biodiversity.

Activities in the lands surrounding waterbodies can also affect habitat. Siltation from
erosion within watersheds has direct adverse effects on fish by covering spawning sites,
destroying benthic food sources, and reducing water clarity for visual feeding animals. However,
increased turbidity may also have indirect effects on biodiversity in lakes. Seehausen et al.
(1997) provided evidence that increasing turbidity from deforestation and agricultural practices
has led to a decline in cichlid diversity in Lake Victoria by interfering with coloration-based
mate choice. Shoreline development and urbanization of lakes may also affect littoral zone
habitat via reductions in coarse woody debris and emergent vegetation, riparian deforestation,
and eutrophication. These changes have resulted in losses of terrestrial insect subsidies,
alterations to macroinvertebrate functional composition, and effects on fish communities
(Francis and Schindler, 2009; Twardochleb and Olden, 2016).

Connectivity between waterbodies can be important for freshwater biodiversity in several
ways. Dams may affect biodiversity by restricting movement of more mobile organisms (e.g.,
fishes) and altering the hydrological regime (e.g., lotic to lentic, water-level fluctuations), with
the strongest effects observed in tropical regions (Turgeon, Turpin, and Gregory-Eaves, 2019).
By contrast, canals and pipelines may increase connectivity by connecting previously isolated
waterbodies or regions. This connectivity can be a double-edged sword, facilitating spread of
both native and invasive taxa. Increased connectivity resulted in homogenization of zooplankton
communities across lakes and ponds, but an overall increase in regional richness, compared to

earlier time periods when waterbodies were more isolated (Strecker and Brittain, 2017).

5.2 Climate Change
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Climate change affects lake and pond biodiversity in myriad ways, including the direct effects of
increased temperatures and other changes to thermal properties of water, but also via indirect
effects, including alteration or loss of habitat, changes in the hydrological regime, salinization,
brownification, and changes to food web structure (Havens and Jeppesen, 2018). Climate change
impacts are more likely for cool- and cold-water adapted taxa, particularly high latitude or
altitude species that cannot migrate to more thermally suitable habitats (Heino, Virkkala, and
Toivonen, 2009). Paleolimnological studies have demonstrated significant restructuring of
temperate and northern lake communities, with shifts from benthic or heavily silicified to pelagic
diatoms concurrent with climate change (Riihland, Paterson, and Smol, 2008), as well as
increasing dominance of cyanobacteria (Taranu et al., 2015). Surveys in mountain lakes have
shown that climate may be more influential for lake macroinvertebrate communities at broad
spatial scales compared to local scale (Boersma, Nickerson, Francis, and Siepielski, 2016).
Experiments have shown variable trends of warming on species diversity, which is likely the
result of complex responses in multi-species communities, particularly across several trophic
levels (Stewart et al., 2013). One broad generality that has emerged is that species diversity may
be less affected by climate change compared to composite measures, such as biomass, functional

traits, or community composition (Stewart et al., 2013).

5.3 Overharvest

Inland fisheries are vast, contributing more than 40% of the world’s finfish production, and thus
have great importance for local economies and society (Lynch et al., 2016). These fisheries can
include aquaculture, recreational, and commercial fishing activities; however, overfishing is a

significant threat to freshwater biodiversity. Similar to marine ecosystems, inland fisheries can
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decrease biodiversity by fishing down the food web — targeted removal of large-bodied
individuals first, then moving progressively to smaller and smaller sized fish species (Allan et
al., 2005). Bycatch can also be a substantial source of mortality in freshwater fisheries (Raby,
Colotelo, Blouin-Demers, and Cooke, 2011).

Overharvest is not limited to fishes. Freshwater megafauna are often targeted for their
meat, skin, and eggs (He et al., 2017). Taxa such as the Siamese Crocodile (Crocodylus
siamensis), the Chinese Giant Salamander (Andrias davidianus), and the Cuban Crocodile
(Crocodylus rhombifer) are all at risk of extinction from overharvest (He et al., 2017). Historical
and contemporary overharvest of molluscs for food, shell uses (e.g., buttons), and the ornamental
pet trade has led to biodiversity declines and increased threats of extinction in freshwater

bivalves and gastropods (Bohm et al. 2021).

5.4 Pollution and Contaminants

5.4.1 Eutrophication

The biological structure and internal biological control mechanisms of freshwater lakes are
highly affected by lake water nutrient concentrations and loading. Limnologists distinguish lakes
by their trophic state. Oligotrophic lakes are generally deep and are characterized by low nutrient
levels and clear water. The biomass at all trophic levels is low. By contrast, eutrophic lakes are
often shallow with high nutrient levels, abundant plankton, and low water clarity. One concept of
lake succession considers that lakes pass through different trophic states, beginning with low
productivity, gradually moving to a moderately productive or mesotrophic state to finally reach
the eutrophic stage. This succession may happen in undisturbed lakes;however, eutrophication

(sometimes called cultural eutrophication) is now widespread as a result of human activities.
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Eutrophication is the process of enrichment of a water body due to an increase in nutrient
loading. The most important nutrients causing eutrophication are phosphorus (P) and nitrogen
(N), the same nutrients responsible for bottom-up control of freshwater systems. These chemicals
are abundant in waters released from sewage treatment works and from surface and groundwater
runoff in agricultural regions.

The most obvious consequence of eutrophication is increased phytoplankton growth, an
overall increase in biomass, and a shift in species composition of the lake (Jeppesen et al., 2000).
For example, at low P concentrations, shallow lakes in northern Europe are usually in a
clearwater stage; submerged macrophytes are abundant and have high species richness,
phytoplankton biomass is relatively low with few taxa, piscivores are abundant (though typically
few species), and predation pressure on zooplankton is consequently low. Typically, at higher P
concentrations there is a shift to a turbid stage: submerged macrophytes disappear,
phytoplankton increase (though richness is again low, peaking at mesotrophic conditions), and
the fish stock changes. The fish biomass rises and there is a shift from a system dominated by
pike (Esox lucius) and perch (Perca fluviatilis) to one exclusively dominated by planktivorous-
benthivorous fish, mainly bream (4bramis brama) and roach (Rutilus rutilus). Thus
eutrophication can affect biodiversity through changes to species composition and loss of

sensitive species.

5.4.2 Acidification
The release of sulfur, carbon, and nitrous oxides from the burning of fossil fuels may be
transported great distances before being transformed chemically into sulfuric and nitric acids and

deposited as rain, snow, or dust. When acid rains occur over areas where waters are poorly
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buffered, the chemistry and biology of freshwaters can be changed dramatically (Gunn and
Sandey, 2003). Many softwater (i.e., low concentrations of dissolved chemicals) lakes have been
acidified both in North America and Europe, but evidence has accumulated for the occurrence of
acidification in China, the former Soviet Union, and South America as well (e.g., Biskaborn et
al., 2021). Monitoring studies indicate a general impoverishment of species numbers in lakes as
they become more acidic. This trend holds across taxonomic groups, with thresholds of negative
effects (and recovery) occurring around pH ~6 (Gunn and Sandey, 2003). In many locations,
recovery of biodiversity has lagged behind chemical recovery, which is thought to be related to
factors such as availability of colonists from a regional species pool, biotic interactions, and

water quality (Yan et al., 2003).

5.4.3 Toxic Chemicals

Toxic chemicals are ubiquitous in the environment; over 350,000 thousand chemicals or
chemical mixtures have been registered for manufacture and use globally (Wang, Walker, Muir,
and Nagatani-Yoshida, 2020). The production, release and global transport of these chemicals
leaves no aquatic system unexposed. Impacts of contaminants on aquatic biodiversity can be
characterized as acutely toxic (when exposure is generally high; impacts are typically clearly
connected to the compound) or chronically toxic (low exposure over an extended period of time;
cause and effect can be more difficult to establish). Additionally, many of the thousands of
environmental chemicals likely interact, but our understanding of whether effects are synergistic,
additive, or antagonistic are limited due to the infinite number of combinations of contaminant
mixtures in the environment. Broadly, impacts of toxic chemicals on aquatic systems include

reductions in fitness, reproductive success, and survival, and consequently decreased
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biodiversity.

Environmental contaminants can largely be grouped into the following: heavy metals,
pesticides, flame retardants, personal care products and pharmaceuticals, and other contaminants
of emerging concern. Each group has varied but distinctive impacts on biodiversity in aquatic
systems - primarily through indirect impacts on reproduction, growth, and species-specific lethal
impacts (Amoatey and Baawain, 2019). For example, heavy metals (e.g., lead, arsenic, mercury)
biomagnify in the food web and are typically neurotoxic; they can interfere with developmental
growth and survival, increase the incidences of abnormalities, and decrease survival. Pesticides
pose both acute and chronic toxicity threats to organisms; legacy pesticides like
organophosphates and DDT (and its metabolite DDE) are acutely toxic, leading to, for example,
neurotoxic and carcinogenic outcomes for invertebrates and fish (Bekele et al., 2021). Most
modern pesticides (e.g., atrazine, glyphosate) pose chronic exposure risk to aquatic organisms,
and have endocrine disrupting properties that lead to impacts such as skewed sex ratios (e.g.,
feminization of frogs and fish, Hayes et al., 2002) and altered timing of metamorphosis of
aquatic invertebrates (Rohr and McCoy, 2010). Flame retardants are typically chlorinated (e.g.,
polychlorinated biphenyls, PCBs) or brominated (e.g, polybrominated diphenyl ethers, PBDEs)
compounds and are lipophilic; these compounds can have negative impacts on development of
fishes in particular due to their neurotoxic and endocrine-disrupting qualities. The effects of
pharmaceuticals, personal care products, and contaminants of emerging concern are incredibly
wide-ranging, but generally include negative impacts on endocrine function, reproduction,
behavior, and fitness (Srain, Beazley, and Walker, 2021).

Recently, there has been increased attention on the potential deleterious effects of salt on

freshwater taxa. Freshwater salinization has increased rapidly in recent years and has many
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potential sources, including sea-level rise, increased discharge from saline groundwater,
irrigation, wastewater from mining and oil extraction, urbanization, and de-icing of roads with
salts (Cunillera-Montcusi et al., 2022). Increasing salinity can affect organismal osmoregulation
(i.e., regulation of ions to maintain equilibrium between external and internal fluids), with effects
ranging from sub-lethal (e.g., reduced reproductive rates, smaller body size) to lethal, ultimately

reducing taxonomic diversity (Hintz and Relyea, 2019).

5.4.4 Plastic Pollution

A topic of emerging interest is the effects of microplastics (ie. small pieces of plastic, typically
<5 mm) on freshwater organisms. Plastics often are deposited in waterbodies through watershed
processes, including riverine transport and the disposal of waste, garbage, and sewage (Azevedo-
Santos et al., 2021). Ingestion of plastics is generally the route by which harmful effects have
been observed, though entanglement in fishing nets and other plastic debris is also of concern.
There is also evidence that plastics may adhere to gills, thus interfering with filtration (e.g.,
fishes; Azevedo-Santos et al., 2021). Additionally, the effects of plastics may be amplified by
interactions with other compounds, including metals, persistent organic pollutants, and
antibiotics.

The effects of plastic pollution on freshwater biodiversity are via loss of species due to
lethal effects or sub-lethal effects that alter organismal fitness. Plastic ingestion has been
observed in a broad range of taxa that utilize freshwater systems, including aquatic birds,
mammals, amphibians, invertebrates, and fishes (Azevedo-Santos et al., 2021), suggesting that

the scope of this issue is potentially enormous and warrants further research.
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645  5.4.5 Noise and Light Pollution

646  Recently, there has been emerging evidence on the effects of noise and light pollution on aquatic
647  organisms. Though little is known about how both light and noise pollution affect aquatic

648  biodiversity, the widespread and pervasive nature of these threats suggests that there are likely
649  consequences at the sub-lethal level, which may include changes in species distributions.

650 Anthropogenic noise associated with increased industrialization and traffic has increased
651  atarapid pace. Water is highly effective at transmitting sound, thus warranting concern for

652  aquatic organisms, particularly fishes and invertebrates. Artificial noise may impair sensory

653  systems, including communications, induce stress responses, alter predator-prey interactions, and
654  affect reproduction (Slabbekoorn et al., 2010).

655 Ecological light pollution constitutes a broad range of different types of photopollution
656  that interferes with natural organisms. Artificial light at night (ALAN) has increased rapidly

657  since the 19th century, constituting a potentially large, but understudied, source of pollution in
658  waterbodies (Holker et al., 2021). Changes in species’ physiology and behavior are expected as
659  aresult of increased nocturnal light. For example, adult aquatic insects were attracted to

660 artificial lights, interfering with overland dispersal (Perkin, Holker, and Tockner, 2014). Urban
661 light sources affected diel vertical migration of Daphnia, with fewer individuals migrating

662  shorter distances when exposed to light (Moore et al., 2000). Artificial polarized light can also
663  represent a source of pollution, with the potential for broad consequences across the many

664  animal taxa that use polarization as a cue for feeding, habitat, breeding, and/or oviposition

665  (Horvath, Kriska, Malik, and Robertson, 2009). This is particularly true for aquatic insects, such
666  as dragonflies, mayflies, caddisflies, and water bugs, but also may affect waterbirds, fish,

667  crustaceans, and reptiles.
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5.5 Invasive Species

The introduction of invasive species into inland waters has occurred globally. These
introductions can occur intentionally (e.g., fish stocking programs) as well as unintentionally
(e.g., aquatic hitchhikers). Some of the main goals of deliberate introductions were initially to
improve recreational fisheries and aquaculture, develop biological control of aquatic diseases,
insects, and plants, or fill supposed “vacant niches” and improve wild stocks in old or newly
created impoundments.

Species invasions can affect biodiversity at many levels of biological organization,
including genetic, population, and community diversity. The introduction of salmonids to
Patagonian lakes resulted in the loss of genetic diversity of the native Galaxias platei fish (Vera-
Escalona, Habit, and Ruzzante, 2019). Invasion by the red swamp crayfish (Procambarus
clarkii) precipitated rapid shifts in native tadpole development times in ponds, reducing
intraspecific phenotypic variation and potentially weakening local adaptation (Melotto, Manenti,
and Ficetola, 2020). The invasion of the spiny water flea, Bythotrephes longimanus, has reduced
zooplankton community richness in the Laurentian Great Lakes in addition to smaller inland
lakes (Strecker, Arnott, Yan, and Girard, 2006). Loss of native species taxonomic, functional,
and phylogenetic diversity following invasion is commonly observed (e.g., Matsuzaki, Sasaki,
and Akasaka, 2016); however, other responses have also been recorded (Alahuhta et al., 2018).

There are several mechanisms for these losses of biodiversity, including: predation and
superior competition by invasive taxa; changes in life history, behavior, growth, and morphology
of native taxa; introgression and hybridization among native and invasive taxa; transmission of

parasites and pathogens; and many others (Cucherousset and Olden, 2011). Often, these factors
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may act in synergy, creating a challenging environment for the persistence of native species.
However, in some instances, native species can adapt to novel invaders. For instance, several
native fish and amphibian species shifted either their food resources or trophic position in the
presence of non-native species in floodplain wetlands (Holgerson et al., 2022).

One of the major problems in freshwater species introductions is their irreversibility, at
least on the scale of a human's lifetime. Once introduced and established, it is impossible or
nearly so, given current technology, to eradicate a fish, invertebrate, or plant species from a large
natural water body. As a consequence, we are likely to see a continued reduction in native

aquatic biodiversity and an increased homogenization of the world's freshwater biota.

6.0 Conclusion

Biodiversity of lakes and ponds can be understood through various lenses, including a system’s
geological origin, degree of connectivity, and local- to broad-scale abiotic and biotic processes.
Our understanding of freshwater biodiversity has grown with new tools and technologies.
Diversity provides numerous benefits through freshwater ecosystem services, though these

benefits are threatened by a suite of human-mediated environmental stressors.
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Table 1. Total species diversity of major freshwater animals, by zoogeographic region.

Reprinted from Hydrobiologia, 595, Balian et al., The Freshwater Animal Diversity Assessment:

An overview of the results, 627-637, Copyright (2008), with permission from Springer. PA =

Palearctic, NA = Nearctic, AT = Afrotropical, NT = Neotropical, OL = Oriental, AU =

Australasian, ANT = Antarctic, PAC = Pacific and Oceanic Islands

PA NA AT NT OL AU PAC |ANT [ World
Other phyla 3,675 | 1,672 | 1,188 |1,337 |1,205 |950 181 113 6,109
Annelida 870 350 186 338 242 210 10 10 1,761
Mollusca 1,848 | 936 483 759 756 557 171 0 4,998
Crustacea 4,499 | 1,755 | 1,536 | 1,925 |1,968 |1,225 | 125 33 11,990
Arachnida 1,703 | 1,069 | 801 1,330 | 569 708 5 2 6,149
Collembola 338 49 6 28 34 6 3 1 414
Insecta 15,190 1 9,410 |8,594 | 14,428 | 13,912 | 7,510 |577 14 75,874
Vertebrates 2,193 | 1,831 3,995 6,041 |3,674 | 694 8 1 18,235
Total 30,316 | 17,072 | 16,789 | 26,186 | 22,360 | 11,860 | 1,080 | 174 125,530
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Figure 1. Average annual taxonomic richness at National Ecological Observatory Network
(NEON) lentic freshwater sites across the US for a) algae (phytoplankton and periphyton), b)
zooplankton, c) macroinvertebrates, and d) fishes. Data were obtained from Li et al. (2022a).
Only taxa identified to genus or species level were included. Timeframes for each data product
and details are in Li et al. (2022b). Note that not all taxa are sampled at all sites. Site
abbreviations: BARC = Lake Barco, CRAM = Crampton Lake, LIRO = Little Rock Lake, PRLA

= Prairie Lake, PRPO = Prairie Pothole, SUGG = Lake Suggs, TOOK = Toolik Lake.
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Permissions
Table 1 was reprinted from Hydrobiologia, 595, Balian et al., The Freshwater Animal Diversity
Assessment: An overview of the results, 627-637, Copyright (2008), with permission from

Springer.



