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Abstract
1. Freshwaters account for 0.8% of Earth's surface area, yet support >10% of known
plant and animal species making them disproportionately biodiverse. Modern
molecular techniques have begun to reveal microbial diversity, but application of
these approaches to address global microbial biogeography is relatively unknown
in freshwaters.
2. Our aim was to identify gaps in microbial data coverage along climatic and landscape disturbance gradients and among terrestrial biomes and hydrographic regions for all freshwater ecosystems and three freshwater habitat types: lakes and
reservoirs (lentic); streams and rivers (lotic); and wetlands.
3. We reviewed literature on microbial diversity in freshwaters surveyed using 16S
ribosomal RNA sequencing which identify microbial taxa. We georeferenced survey locations and used a geographic information system to identify and map gaps
in survey coverage using open-source data for climate, landscape disturbance, terrestrial biomes, and freshwater ecoregions.
4. We compiled 3,425 georeferenced survey locations reported from 963 studies.
Streams were surveyed most frequently (60.8% of survey locations), followed by
lakes (33.5%) and wetlands (5.6%). Surveys were concentrated in North America,
central and western Europe, and Southeast Asia; 35% of freshwater ecoregions
were surveyed at least once across freshwater habitat types, whereas 23%, 23%,
and 12% were surveyed at least once for lentic, lotic, and wetland habitat types,
respectively. The climatic gap analysis indicated coverage is high for temperate
regions but lacking in the tropics and Arctic, particularly for wetland ecosystems.
5. Our assessment revealed high climatic coverage of freshwater microbial diversity
knowledge, but expansive ecoregional gaps attributable to biased sampling near
research institutions in North America, western Europe, and China. Future surveys should target ecoregions in Africa, South America, Central Asia, Australia,
and Antarctica. An essential next step will be to curate and disseminate sequencing efforts to facilitate the study of processes driving global diversity patterns.
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ecosystems are fragmented throughout landscapes, are heavily impacted due to exploitation for human goods and services (Woodward

Documenting global biodiversity is a fundamental goal of biogeog-

et al., 2010) and are more impacted by global environmental change

raphy and essential for predicting and mitigating impacts of global

compared to terrestrial ecosystems (Dudgeon et al., 2006). Due

environmental change (Reyers et al., 2012; Wheeler et al., 2012).

to the heightened threat to freshwater biodiversity in the face of

Biodiversity not only enhances cultural services, such as recreation

climate change, it is critical that ecologists begin to recognise the

and landscape aesthetics (Harrison et al., 2014), but also mediates

global extent of microbial diversity knowledge within these systems.

ecosystem processes, such as nutrient cycling and climate regula-

This study aimed to characterise geographic coverage of freshwater

tion, and supports ecosystem provisioning (e.g. timber production

microbial diversity surveys among biogeographic realms and along

and commercial fisheries; Díaz et al., 2006). For centuries, natural-

gradients of landscape disturbance and climate. This work will help

ists and scientists have compiled species occurrence records for

prioritise future surveying efforts to maximise discovery of novel

macrobes (Wallace, 1876) and, within the last decade, a wealth of

microbiomes.

biogeographic information has been compiled and made available
digitally. For example, the Global Biodiversity Information Facility
provides online access to 1.6 billion records from over 54,000 datasets globally (GBIF.org). Open-access biodiversity databases have
contributed to significant advancements in basic ecology and bio-

2 | M E TH O DS
2.1 | Literature search

diversity research (Beck et al., 2013) and have informed policymakers on the impacts of anthropogenic change (Harrison et al., 2014;

During September 2017–
February 2021, we performed multiple

Yang, 2011).

literature searches through the Web of Science database to find

A challenge of using open-source biodiversity data is that occur-

peer-reviewed scientific studies investigating microbial diversity

rence records are unevenly distributed globally (Wilson et al., 2016).

via community-fingerprinting, next-generation sequencing, and

Such geographic biases arise from numerous investigators con-

metagenomic sequencing approaches in freshwaters. Because dif-

ducting surveys with different research objectives resulting in

ferent types of freshwater habitat harbour different microbial com-

biodiversity that remains undescribed—the Linnean shortfall—and

munities (Monard et al., 2016; Zeglin, 2015), we grouped surveys

geographic distributions of species that are poorly delineated—the

into three freshwater habitat types: (1) flowing streams and rivers

Wallacean shortfall (Bini et al., 2006). Assessments characterising

(hereafter lotic); (2) non-flowing natural lakes, ponds, and human-

the geographic and environmental coverage of open-source biodi-

created reservoirs (hereafter lentic); and (3) wetlands (hereafter wet-

versity databases have highlighted where gaps in knowledge occur,

land). For all freshwater ecosystems we included the terms “16S” and

why they occur, and how these gaps can be filled. For example, na-

“bacteria*”, but for specific habitat types, we used the search terms

tional and global assessments have been conducted for terrestrial

“stream” or “river” or “lotic” for streams and rivers, “lake” or “res-

vertebrates (Meyer et al., 2015), plants (Sousa-Baena et al., 2014),

ervoir” or “pond” or “lentic” or “lacustrine” for lakes, and “wetland”

and freshwater fishes (Pelayo-Villamil et al., 2018). A critical ele-

or “bog” or “mire” for wetlands. All papers found through literature

ment of the Linnean shortfall is the lack of microbial biodiversity

searches were retained for geospatial analyses if a study: (1) targeted

knowledge because: (1) the molecular technology necessary to de-

16S ribosomal RNA (rRNA) or rRNA genes; (2) sampled an aquatic

scribe their diversity have only become available recently; and (2)

ecosystem that had a salinity <3 ppm thus excluding brackish and

microbial distributions are viewed as ubiquitous and of low con-

estuarine waters; (3) sampled a habitat that was not extreme such as

servation need. Indeed, microbial taxa among free-living habitats,

extremely acidic or alkaline waters; (4) included representative sam-

such as soils, marine waters, and freshwaters (Angel et al., 2010;

ples of a natural ecosystem (inclusive of field and laboratory stud-

Fierer & Jackson, 2006; Fierer et al., 2012; Ibarbalz et al., 2019;

ies, exclusive of bioreactor studies); and (5) authors either provided

Martiny et al., 2006; Nemergut et al., 2011; Newton et al., 2011) and

latitude and longitude data in the publication, in correspondence

host-associated habitats probably exhibit biogeographic patterns

for this study's purposes, or was feasible to hand-annotate by site

(Thompson et al., 2017). The accessibility of advanced molecular

descriptions.

methodologies has allowed microbial diversity surveys to accumu-

Latitude and longitude data were extracted from publications

late in the last 2 decades, notably archived sequence repositories

when provided. If a study performed sampling within a narrow

(e.g. NCBI Sequence Read Archives) but it is largely unknown how

spatial extent (<10 km range) and only provided one latitude and

well surveying efforts cover the geographic and environmental di-

longitude, these points were extracted. If multiple latitudes and

versity of the Earth's surface.

longitudes were given, these were extracted. In some instances, a

Freshwater biodiversity is disproportionately diverse globally:

study did not report latitude and longitude data or representative

freshwaters cover approximately 0.8% of Earth's surface yet sup-

points when sampling had large spatial extents, so authors were con-

port approximately 10% of all known species (Dudgeon et al., 2006);

tacted for latitude and longitude data. If site descriptions were ade-

therefore, understanding biodiversity knowledge gaps in freshwa-

quate for recording sampling locations, latitude and longitude were

ters are imperative in the face of environmental change. Freshwater

hand-annotated and extracted via Google Maps. We also recorded

|
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relevant metadata: year of publication, country, 16S rRNA method-

large waterbodies (e.g. Lake Michigan, Lake Baikal, Lake Tanganyika)

ology, field or laboratory-based, and specific habitat surveyed (e.g.

for which landscape disturbance was not available, we computed

biofilm, sediments, water column). The specific habitat surveyed

the mean landscape disturbance of a 50-km buffer surrounding

included differentiating biofilms and microbial mats (referred to as

the perimeter of each waterbody. Perimeters of these waterbodies

biofilms), sampling of the water column (water), soils and sediments

were acquired from the global reservoirs and dams dataset (Lehner

(sediments), microbiomes associated with plants or moss (plant-

et al., 2011) if available, or were traced manually using satellite im-

associated), leaf litter, ice, and garbage and microplastics (human lit-

agery in ArcMap.

ter). Note that we include studies which use shotgun metagenomics
and extracted 16S rRNA data.

Third, we characterised climatic coverage across all survey locations and use this to estimate a climatic gap index (CGI) to identify underrepresented climates. To calculate CGI, we extracted the

2.2 | Geospatial analyses

19 bioclim variables provided by the WorldClim 2 dataset (Fick &
Hijmans, 2017) via the extract values to points tool in ArcMap.
Because this dataset does not include Antarctica, we extracted the

We implemented a geospatial analysis to characterise the geographic

same 19 bioclim variables for Antarctic survey locations using the

coverage of freshwater microbial surveys and identify gaps in the

MerraClim dataset (Vega et al., 2017). We generated a grid of equal

context of biogeography, anthropogenic landscape alteration, and

area cells (44 × 44 km separation between adjacent points) across

climate. All subsequent geospatial analyses were performed on all

the global terrestrial surface and extracted values of the 19 bioclim

three habitat types (hereafter all freshwaters) and each habitat type

variables for each of these 61,607 grid cells. For each grid cell, we

separately. First, we characterised the distribution of surveys among

computed CGI using the following equation:

the 426 freshwater ecoregions of the world (Abell et al., 2008)
and 16 terrestrial biomes (Olson et al., 2001) using the spatial join

CGIi =

tool in ArcMap (ESRI, Inc.; Version 10.5). The freshwater ecore-

19
∑

xij

j=1

gions dataset is delineated along drainage divides that distinguish
freshwater faunas (primarily freshwater fishes) with distinct phy-

where xi is an index of climate dissimilarity between grid cell i and all

logenetic history, paleogeography, and ecology (Abell et al., 2008).

surveyed grid cells for bioclim variable j. This index, x, ranged from 0

Although many freshwater bacterial groups are not obligate aquatic

(indicating identical climate) to 10 (no climatic similarity). The value of

and probably not dispersal limited across drainage divides (Monard

index, x, was based on percent deviation from climatic conditions at

et al., 2016; Nemergut et al., 2013; Padial et al., 2014), we assumed

survey points and was scaled according to the gradient length of the

that freshwater ecoregions are as informative as terrestrial biomes

bioclim variable (Table S1). This followed the assumption that commu-

for microbes because freshwater processes are likely to drive their

nity composition turns over along each bioclim gradient and increasing

occurrence regionally as much as coarser-scale vegetation-defined

climatic dissimilarity drives increasing dissimilarity in community com-

terrestrial biomes.

position for microbes (Bryant et al., 2008; Currie et al., 2004; Davidar

Second, we characterised anthropogenic landscape alteration

et al., 2007; Fierer et al., 2012). Under this assumption, grid cells (or

at survey locations using the 2009 Human Footprint dataset, which

geospatially delineated locations on Earth's surface) with increasing cli-

we acquired from the Socioeconomic Data and Applications Center

matic dissimilarity represent increasingly important gaps in knowledge

(Venter et al., 2018). This dataset provides a landscape disturbance

of microbial diversity (Jetz et al., 2012; Troia & McManamay, 2016) and

index ranging from 0 (low disturbance) to 50 (high disturbance) at

will have greater CGI values. Lastly, we mapped this multivariate cli-

2

a 1-km resolution. The index is computed from eight variables:

matic dissimilarity index (ranging from 0 to 190) to the global terrestrial

built-up environments, population density, electric power infra-

surface.

structure, crop land use, pasture land use, road corridors, railway
corridors, and navigable waterways. We extracted landscape disturbance values to all survey locations representing bodies of water
on larger land masses outside of Antarctica; however, this method
yielded missing data due to three geospatial disparities. First, be-

3 | R E S U LT S
3.1 | Metadata summary

cause the Human Footprint dataset does not provide landscape disturbance values for Antarctica, we assumed landscape disturbance

We reviewed 963 peer-reviewed articles published, from which

approximates mean landscape disturbance in the Arctic, which we

3,425 unique georeferenced survey locations were described in the

calculated using gridded points within the Arctic Circle (i.e. north

article or provided by authors upon request. The majority (c. 95%)

of 66.5°N latitude). Second, landscape disturbance values are un-

of surveys were field-based (n = 3,271) and a small proportion (c.

available for small landmasses (e.g. American Samoa), so we assumed

5%) were exclusively mesocosm or microcosm-based (n = 154).

landscape disturbance at these survey locations approximates those

These surveys represent lotic habitats first (n = 2,068), followed

of the nearest small landmass for which the landscape disturbance

by lentic habitats (n = 1,156) and wetlands (n = 201). The first sur-

was available (e.g. French Polynesia). Third, for survey locations from

veys occurred in 1997 and the number of surveys has accelerated

1598
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in subsequent years. Lentic and lotic survey number have increased

Wetlands were most densely surveyed in U.S.A. (n = 68), China

at a greater rate than wetland surveys (Figure 1). Lentic and lotic

(n = 561), and Mexico (n = 13; Figure 3a,d,g,j).

surveys primarily surveyed the water column (c. 79% and 69% of

Terrestrial biomes were moderately represented across fresh-

all surveys, respectively), and secondarily, sediment (both c. 16%).

water ecosystems with temperate broadleaf and mixed forests

Lotic studies also surveyed biofilms (c. 11%) more commonly than

(n = 1,649, 48%), boreal forests (n = 477, 14%), tropical and sub-

other freshwater habitats (c. 2% in both lentic and wetland surveys;

tropical moist broadleaf forests (n = 222, 6.5%), temperate conifer

Figure S1). Wetland surveys primarily surveyed sediments (c. 75%

forests (n = 203, c. 6%), Mediterranean forests, woodlands, shrubs

of all wetland surveys) and water secondarily (c. 23%; Figure S1).

(n = 202, c. 6%), and tundra (n = 173, 5%) representing the great-

Lakes had a greater proportion and number of algal-associated sur-

est number of surveys across all freshwaters (Figure 3b). All grass-

veys (n = 12, 1.0%) compared to streams (n = 1) and wetlands (n = 0)

land types (n = 272, 8%), deserts (n = 82, c. 2.5%), and Arctic and

whereas streams had a greater proportion and number of both plant

Antarctic ice (n = 8, 0.2%) were not well surveyed across freshwa-

litter (n = 23, c. 1.0%) and human litter (n = 36, c. 1.7%) surveys

ters. Lentic and lotic ecosystems had a similar trend of survey pro-

compared to lakes (n = 1, 0 respectively) and wetlands (n = 1, 0 re-

portion across these terrestrial biomes (Figure 3e,h) except lentic

spectively; Figure S1).

habitats had a greater proportion of tundra (n = 87, c. 8%) and desert
(n = 45, c. 4%) surveys and lotic habitats had a greater proportion

3.2 | Geospatial analyses

of temperate grasslands (n = 104, c. 5%). Wetlands had the majority
of surveys within temperate broadleaf and mixed forests (n = 100,
50%), tropical and subtropical moist broadleaf forests (n = 21, 10%),

The 3,425 georeferenced surveys were distributed across all seven

flooded grasslands/savannas (n = 16, 8%), and deserts (n = 15, 7%;

continents—including 50 surveys in Antarctica—but were most

Figure 3k).

densely distributed in eastern North America, western Europe, and

Freshwater ecoregions were modestly represented with 172

eastern Asia (Figure 2a). This geographic pattern was similar for len-

(40%), 124 (29%), 118 (28%), and 66 (15%) different freshwa-

tic, lotic, and wetland habitats, except Africa and Antarctica are de-

ter ecoregions containing one or more surveys of any habitat,

void of wetland surveys (Figure 2b–d). We identified surveys in 74

lotic habitat, lentic habitat, and wetland habitat, respectively

of 195 countries, with most surveys in the U.S.A. (n = 710), China

(Figure 3c,f,i,l). The most-surveyed freshwater ecoregions include

(n = 602), Canada (n = 490), and France (n = 178). Specifically, len-

central and western Europe (Freshwater Ecoregion (FE) 404,

tic habitats were most densely surveyed in China (n = 231), U.S.A.

n = 298), lower Yangtze (FE 766, n = 238), upper Danube (FE 417,

(n = 207), and France (n = 118) whereas lotic habitats were most

n = 219), Laurentian Great Lakes (FE 116, n = 176), and northern

dense in U.S.A. (n = 433), Canada (n = 415), and China (n = 306).

Baltic Drainages (FE 406, n = 176). Lentic and lotic ecosystems followed this trend (Figure 3f,i), except lentic systems had a high proportion of surveys in the Cantrabic Coast—L anguedoc ecoregion
(FE 403, 4%) and lotic ecosystems had a high proportion of surveys in Dniester–lower Danube (FE 418, 6%) and Eastern Hudson
Bay—Ungava (FE 113, 5%). Alternatively, wetlands greatest number of surveys were in the north-e ast U.S. and south-e ast Canada
Atlantic Drainages (FE 118, 9%), Laurentian Great Lakes (FE 116,
7%), lower Yangtze (FE 766, 7%), and Lerma-C hapala (FE 165, 5%;
Figure 3l).
Relative to the background environment, surveys encompassed
a range of anthropogenic landscape disturbance gradients for freshwaters (Figure S2). Both lotic and lentic surveys had greater frequencies of low landscape disturbance (15% and 13% surveys of no
disturbance, respectively) relative to high disturbance (Figure S2).
High disturbance surveys were a greater proportion of surveys for
lakes compared to streams (Figure S2).
Climatic gap index values close to 0 indicate high coverage of
climate whereas CGI values close to 190 indicate low coverage
of climate. Based on the CGI metric, few climatic gaps existed
for all freshwaters regardless of disturbance intensity (Figures 4

F I G U R E 1 Accumulation of the number of georeferenced
surveys of freshwater microbial communities from 1997 through
2020. Lines represent all habitats (solid grey), lotic (solid black),
lentic (dashed black), and wetland (dotted black) habitats

and 5). All freshwater surveys had CGI values below or at 100
(with 190 being the highest rating of climatic gaps possible).
Climatic gaps did exist for portions of high latitude Palearctic and
Nearctic biogeographic realms, Indo-Malayan realms, and the

VEACH et al.

F I G U R E 2 Global distribution of
freshwater microbial taxonomy surveys
for all (a), (b) lotic, (c) lentic, and (d)
wetlands habitats. Each point represents
an individual 16S rRNA survey derived
from the Web of Science meta-analysis
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F I G U R E 3 The frequency, or number of surveys, of freshwater microbial taxonomy surveys for all (a,b,c), lentic (d,e,f), lotic (g,h,i), and
wetland (j,k,l) habitats grouped by countries (a,d,g,j), terrestrial biomes (b,e,h,k), and freshwater ecoregions (c,f,i,l). Freshwater ecoregion
codes follow Abell et al. (2008); NA represents Antarctica

Antarctic, particularly surveys of high-disturbance (Figure 5a–h

4 | D I S CU S S I O N

and Figure S3). Climatic gaps were more pronounced for wetlands
that had the highest measures of CGI regardless of landscape

Our results demonstrated that global coverage of freshwater micro-

disturbance (Figures 4 and 5). Specifically, Neotropical and Indo-

bial diversity surveys exhibits bias dependent on habitat type. These

Malayan biogeographic realms had the greatest CGI for wetlands

data confirm that peer-reviewed research is biased due to: (1) re-

(Figure 5g,h and Figure S3).

search institution proximity and availability of funding and resources

|
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F I G U R E 4 Boxplots showing
distribution of the climatic gap index
of freshwater microbial diversity for
the four habitat types (all freshwater,
lentic, lotic, and wetlands) and in areas
of low (light grey) versus high (dark grey)
anthropogenic landscape alteration.
Landscape alteration was determined
by the 2009 Human Footprint database
(Venter et al., 2018)

or logistical ease of sampling of geographic regions (e.g. U.S. Great

microorganisms are the engines of biogeochemistry and have a large

Lakes vs. Amazonian and Andean lakes; Tydecks et al., 2018); and (2)

effect on ecosystem function and preservation so it is unsurprising

traditional methods that are discipline specific (i.e. stream ecology

that biodiversity–function is a dominant research theme in current

and limnology vs. wetlands), which suggests that paradigm biases

microbial biodiversity studies (Cavicchioli et al., 2019).

among ecological disciplines dictate how commonly research ques-

Surveys encompassed a large geographic extent, but density was

tions address microbial diversity in different types of freshwater

greatest for North America, Europe, and East Asia and freshwater

ecosystems (Graham & Dayton, 2002).

ecoregions and terrestrial biomes spanning these geographic loca-

The rate of increase for microbial diversity surveys over time are

tions were most densely surveyed. Likewise, temperate and boreal

high for lotic and lentic habitats relative to wetlands indicative that

forests were most heavily surveyed whereas grasslands, shrublands,

wetland research has lagged in targeted 16S rRNA or metagenomic

taiga, and particularly, Arctic rock and ice were infrequently sur-

methodologies to identify bacterial/archaeal communities. Notably,

veyed. Survey proportions were biased towards developed coun-

a moderate percentage of wetland surveys (c. 27%) also measured

tries with high numbers of research institutions. Biases towards

greenhouse gas emissions (e.g. methane production), due to the

research institution density has been observed for animal and plant

prevalence of anoxic conditions in wetland sediments. Numerous

biodiversity databases and sampling campaigns (Titley et al., 2017;

publications in wetlands were not included in this study due to

Trimble & van Aarde, 2012; Wilson et al., 2016). Conservation and

several exclusively targeting functional genes of methanogenic ar-

biodiversity research goals partially are to generate complete cov-

chaea (methyl-coenzyme reductase subunit A gene; mcrA) instead

erage of threatened populations, many of which are non-uniformly

of all bacterial and archaeal taxa (16S rRNA surveys). This suggests

distributed and are under-surveyed due to species prevalence in de-

that microbial ecologists often frame research questions and design

veloping countries. Although we do not equate conservation issues

field studies to understand biodiversity–ecosystem function, unlike

and microbes to threatened and endangered macrobial species, we

macrobial biodiversity researchers (Liu et al., 2011). Liu et al., 2011

do assert that freshwater bacterial community sampling coverage

performed a bibliometric meta-analysis and demonstrated that the

needs to expand to understand biogeographical patterns and pro-

most frequent research topics in biodiversity research are related to

cesses in freshwater ecosystems (Dudgeon et al., 2006), particularly

structure (terms: “populations”, “diversity”, etc.) more frequently than

among human-altered landscapes, which will be highly impacted by

function (terms: “productivity”, “ecosystems”, etc.). This suggests

climate change (Wenger et al., 2009).

that biodiversity–function relationships constitute a lower propor-

The CGI metric for all freshwaters indicated there were few

tion of biodiversity research. Microbes have been mostly excluded

gaps in climatic diversity globally. Ecosystem types that had fewer

in conservation research and, likewise, environmental microbiology

surveys (primarily wetlands and secondarily lakes) had greater

historically lacked a biodiversity cataloguing perspective. Microbes

climatic gaps. Surprisingly, surveys have somewhat lower CGI

are likely to be excluded due to their perceived low chance of extinc-

(greater climatic coverage) under low disturbance versus high

tion among habitats based on relatively large population sizes and

disturbance. A strong pattern exists with climate and taxonomic

assumed cosmopolitan distribution (Casamayor, 2017). Despite this,

richness across geographic regions for most taxonomic groups

1602
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F I G U R E 5 Geographic distribution of the climatic gap index (CGI) of freshwater microbial diversity for all (a and b), lotic (c and d), lentic (e
and f), and wetland (g and h) surveys in areas of low (a,c,e,g) versus high (b,d,f,h) anthropogenic landscape alteration. Scales range between
0 and 200 for ease of viewing but CGI metric is between 9 and 190. Greater CGI values represent greater climatic gaps (i.e. greater climatic
dissimilarity) and low CGI values represent low climatic gaps [Colour figure can be viewed at wileyonlinelibrary.com]
partially due to variation in edaphic conditions, such as water

pH, soil type) and suggest environmental selection or dispersal

availability and temperature, but also due to physiographic bar-

as mechanisms for biogeographic patterns. Discerning microbial

riers (Currie et al., 2004; Hawkins et al., 2003; Liu et al., 2018).

survey completeness in association with climatic variables, includ-

Microbial communities in soils (Angel et al., 2010; Fierer &

ing not just mean annual precipitation and temperature, but also

Jackson, 2006; Martiny et al., 2006) and marine waters (Ghiglione

seasonality is likely to be essential for understanding spatial over-

et al., 2012; Pommier et al., 2006) have demonstrated distance–

lap and turnover in microbial diversity. Our results imply that al-

decay relationships and associations with edaphic variables (e.g.

though surveys are concentrated in developed countries and near

|
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research institutions, much of the climatic diversity globally for all

DATA AVA I L A B I L I T Y S TAT E M E N T

freshwaters has been well surveyed, although wetlands do have

The meta-analysis database and R code for the CGI metric and

gaps within mid-latitude, tropical regions indicative that future

other results are available on Zenodo (https://doi.org/10.5281/ze-

sampling should concentrate more so on these locales.

nodo.4905176). Metadata and information regarding the 963 indi-

Other studies have provided diversity coverage censuses based

vidual studies is available to readers upon request.

on sequencing efforts (Schloss et al., 2016) or projected estimates of
global microbial diversity (Locey & Lennon, 2016) and found the vast
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amount of diversity has probably been undocumented, particularly
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for aquatic habitats (Schloss et al., 2016). Our data demonstrate that,
based on sampling effort spanning c. 20 years, freshwater studies
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