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The availability of online biodiversity data has increased in recent decades, aiding our 
understanding of diversity patterns and species richness–environment relationships 
across temporal and spatial scales. However, even the most exhaustive databases are 
prone to sampling biases, which create knowledge gaps in species distributions and 
increase uncertainty in model predictions. Regarding marine environments, intertidal 
zones are globally distributed and considered early warning systems for climate change 
impacts and species’ range shifts. Owing to their relative accessibility, intertidal records 
should – supposedly – be less incomplete and biased compared to open-ocean and 
deep-sea areas. Yet, the extent and coverage of intertidal records available in global bio-
diversity databases remains unknown. In this study, we used a high-resolution world-
wide tidal flat map to identify intertidal records of 11 563 benthic species from the 
OBIS (Ocean Biodiversity Information System) portal. Following a thorough data-
cleaning process, we evaluated geographic patterns in observed species richness, site 
accessibility, sampling effort, and inventory completeness across latitudes. We demon-
strate that observed species richness has mid-latitudinal peaks while the tropics accu-
mulate species with missing records, similar to patterns described for the entire marine 
realm. These patterns correlate with disproportionate mid-latitude sampling efforts 
and poor tropical sampling coverage. Sixty-five percent of the mapped intertidal sites 
are located within 3 hours of a city, but sampling records remain almost absent along 
African Atlantic, South American Pacific, and Indo-Pacific coasts. Thus, even for the 
accessible and well-studied intertidal shorelines, database records are not free from 
geographical biases and their associated implications for biodiversity estimates. Our 
results highlight the need for a better data-sharing culture, and we hope to encourage 
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initiatives promoting more and better-distributed research efforts on intertidal biodiversity, which could improve global scale 
detection and prediction of climate change impacts at regional and global scales.
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Introduction

Over the last several decades, availability of online biodi-
versity data has increased by orders of magnitude, provid-
ing access to millions of occurrence records (Nelson and 
Ellis 2019), along with genetic, functional, and ecological 
information across multiple taxonomic groups, from bac-
teria to vertebrates (Kattge et al. 2011, Benson et al. 2012, 
Poelen et al. 2014). Free access to globe-spanning biodiver-
sity data offers an unprecedented source of information for 
describing species distribution patterns across temporal and 
spatial scales. This effort has driven a dramatic increase in the 
development and use of species distribution modelling (Elith 
and Leathwick 2009, Franklin 2010, Ball-Damerow  et  al. 
2019, Heberling  et  al. 2021), which has contributed sig-
nificantly to describing the impacts of human activities and 
climate change on biodiversity patterns, and improved pre-
dictions of species extinction and geographic range shifts 
(Molinos et al. 2016, Levin et al. 2022). The results of such 
studies can be used to inform stakeholders and rights hold-
ers of potential threats to biodiversity, which is essential for 
companies, agencies, and governments regarding land- and 
invasive species management, allocation of protected areas, 
human health, and biodiversity conservation (Gray  et  al. 
2016, Longbottom et al. 2018, Di Marco et al. 2019). For 
instance, the Global Invasive Species Database (GISD; 
http://www.iucngisd.org) has been used to pinpoint in which 
regions native vertebrates are most threatened by invasive 
species (Bellard  et  al. 2016), and the Global Biodiversity 
Information Facility (GBIF; https://www.gbif.org) and the 
Ocean Biogeographic Information System (OBIS; https://
www.obis.org) databases have been used to identify suitable 
areas for protection (Zhao  et  al. 2020). Biodiversity data-
bases have supported thousands of scientific publications 
and play an important role across many different disciplines 
(Heberling et  al. 2021). Given their importance and wide-
spread use, we must remain cognizant of the limitations of 
the data they contain. A major limitation is that online data-
base records are usually incomplete and spatially biased, with 
most species’ distributions still poorly known (Lomolino 
2004, Beck et al. 2014).

Biases in database records are pervasive across taxo-
nomic, temporal, and spatial dimensions. While 2% of spe-
cies account for more than 50% of the records, a significant 
proportion of species is represented by only a single record 
or may have no record at all (Hughes et al. 2021). In some 
poorly sampled regions, no new records have been regis-
tered for decades (Stropp et al. 2016). Moreover, occurrence 
records are commonly biased towards easily accessible loca-
tions, e.g. on land, roadsides, walking paths, and urban areas 

(Hughes et al. 2021, Petersen et al. 2021). For instance, in 
the Arctic, data from terrestrial ecosystems originate primar-
ily from the vicinity of research stations, with areas within 50 
km of only two of these stations accounting for 13% of all 
Arctic sites surveyed (Metcalfe et al. 2018). At a large scale, 
the majority of marine and terrestrial records are located in 
mid-latitudinal regions, while the tropics are generally under-
sampled (Magurran 2017, Menegotto and Rangel 2018, 
Hughes et al. 2021, Thyrring and Peck 2021). These sampling 
biases create spatial and temporal gaps in the knowledge of 
species distributions (Menegotto and Rangel 2018), increas-
ing uncertainty in subsequent distribution models, like those 
investigating global-scale biotic responses to climate change 
(Wisz et al. 2015), as well as in other macroecological infer-
ences (Yang et al. 2013).

In the marine realm, where changes in species distribution 
and biodiversity reorganization have been reported to be faster 
than in the terrestrial realm (Blowes et al. 2019, Lenoir et al. 
2020), sample coverage is notably lower. Consequently, the 
geographic distribution of most marine species remains 
uncertain, especially in the tropics (Menegotto and Rangel 
2018), a region with severe environmental changes and where 
the capacity of species to resist changes is among the low-
est (Nguyen et al. 2011). More so, distribution records also 
decrease from the shoreline to the deep sea (Hughes  et  al. 
2021). Thus, while records from shallow waters domi-
nate the global picture of recorded marine biodiversity, less 
than 10% of records are from abyssal plains, which consti-
tute nearly 50% of the world’s oceans by area (Webb et al. 
2010). This under-representation is presumably higher for 
narrow-ranging species, as species with widespread distribu-
tions predominate in current catalogues of deep-sea diversity 
(Higgs and Attrill 2015). Although examinations of deep-sea 
areas have been steadily increasing, sampling of open- and 
deep-sea waters is expensive and logistically difficult, which 
unbalances sampling effort toward large-economy countries 
(Hughes et al. 2021).

Since differences in infrastructure and funding required 
to study open waters seems to reduce sample coverage in 
oceanic areas, database occurrence records from intertidal 
areas, the most easily accessible marine habitat, should be 
less affected by such limitations. That is, these records can 
potentially be more complete, less biased, and more evenly 
distributed across space. Intertidal ecosystems are renowned 
for an array of essential ecosystem services – including car-
bon sequestration, nursery, habitat provision, and shore-
line protection (Johnston  et  al. 2002, Barbier  et  al. 2011, 
Donato et al. 2011), that mitigate climate change and sup-
port livelihoods. Intertidal ecosystems can also be used as a 
warning system, or bellwether, for climate change impacts 
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and range shifts (Gauzens  et  al. 2020, Mieszkowska  et  al. 
2021, Thyrring  et  al. 2021) because they are vulnerable to 
sea-level rise, and intertidal species in low latitude trailing-
edge populations usually live close to their upper thermal 
limits. Compared to subtidal organisms, intertidal species 
predominantly have inadequate capacity to acclimate to pro-
jected future temperature increases (Nguyen  et  al. 2011), 
making them highly responsive to small temperature fluctua-
tions (Stillman 2003).

An unbiased and more complete inventory of intertidal 
biodiversity would be useful, not only to monitor climate 
change impacts, but also to produce reliable estimates of 
species diversity and distribution without the sampling con-
straints present in other marine habitats. The geographic 
variation in species richness does not seem to be uniformly 
distributed across all intertidal systems. Rocky shore com-
munities, for example, seem to contradict the classical latitu-
dinal diversity gradient (LDG), where richness peaks in the 
tropics and declines towards polar areas (Schoch et al. 2006, 
Griffiths and Waller 2016, Cruz-Motta et al. 2020, Thyrring 
and Peck 2021, Thyrring and Harley 2024). Conversely, 
there is evidence of a latitudinal biodiversity cline in tidal 
flats (Attrill et al. 2001, Vogt et al. 2019). If intertidal data-
base records are indeed unbiased, these data could be used to 
explore marine diversity patterns and shed light on large-scale 
trends derived from subtidal records that can be easily inter-
preted as a by-product of data limitation (Menegotto and 
Rangel 2018). Yet, the extent of sampling biases and inven-
tory completeness of intertidal records in online biodiversity 
databases remains largely unknown.

In this study, we evaluated the geographic distribution and 
latitudinal patterns in observed species richness, sampling 
effort, and inventory completeness of intertidal records avail-
able on OBIS, the largest marine biodiversity database. Since 
the intertidal zone is, by definition, subject to tidal variation, 
it is nearly impossible to identify its records using bathymetri-
cal proxies. Therefore, to properly link marine records to this 
habitat, we used here, for the first time, a newly developed 
high-resolution tidal flat map covering the entire world from 
60°S to 60°N (Murray et  al. 2019). Following global tidal 
flats delimitation, we isolated 126 533 intertidal occurrence 
records consisting of 11 563 benthic species from an initial 
> 17 million records in the OBIS database. Our results show 
that despite greater accessibility and relative research facility 
compared to other marine habitats, the intertidal zone is not 
free from the same biases observed in the wider marine realm.

Material and methods

Database species-occurrence data and quality control

We retrieved over 17 million records of all taxonomic groups 
with benthic species from the OBIS database (Supporting 
information). All records were screened by applying a thor-
ough data filtering (Menegotto and Rangel 2018). Briefly, 
we removed duplications, records without coordinate 

information, and records above species level (Supporting 
information). Scientific names were standardized using 
the World Register of Marine Species (WoRMS). We used 
WoRMS to select only species with a benthic adult life stage. 
To obtain intertidal records, we first selected only records 
within 1° from the coast (~ 110 km at the equator). This 
buffer was created using a land polygon derived from 10 
m coastline (Natural Earth; https://www.naturalearthdata.
com/). Then we used 30 m spatial-resolution tidal flat ras-
ter images to identify which occurrences were recorded on 
intertidal habitats (Murray  et  al. 2019). Because intertidal 
habitats are very dynamic and raster images are grouped in 
3-year windows (between 1984 and 2016), occurrences were 
evaluated using maps corresponding to the year of sampling. 
Records older than 1984 (7.87%) were evaluated using maps 
from the first 3-year period (1984–1986). All periods were 
used when the sampling year was unknown (15.73% of the 
records). The entire process was conducted in R (www.r-proj-
ect.org), using the packages 'raster' (Hijmans 2020), 'terra' 
(Hijmans 2023), and 'worrms' (Chamberlain 2019).

Diversity estimates and sample coverage

We calculated the observed species richness, number of lati-
tudinal gaps (i.e. the number of species with missing occur-
rence records in a latitudinal band within their distribution 
range; Menegotto and Rangel 2018), number of sampling 
events, and sample completeness for each 5° latitudinal band. 
Sampling events, as implemented in our study, include all 
sampling efforts on a single day at a single unique location 
(i.e. geographical coordinates). Using the R package 'iNEXT' 
(Hsieh et al. 2016), sample completeness was computed by 
sample coverage using the theoretical framework for incidence 
data, which quantifies the proportion of the total number of 
incidences belonging to detected species (Chao et al. 2020). 
To avoid unreliable estimates, sample coverage was computed 
only for spatial units with more than five sampling events 
and not composed uniquely by singletons (Kusumoto et al. 
2020). We also mapped the spatial distribution of observed 
species richness, number of sampling events, sample cover-
age, and the spatial variation in species composition across 
coastlines by aggregating the intertidal records within 5° 
resolution grid cells (n = 310). To map spatial variation in 
species composition (β-diversity), we calculated the Simpson 
pair-wise dissimilarity matrix (βsim) among all neighbour cells 
in our gridded domain adopting a queen contiguity criterion 
(i.e. considering all neighbouring cells that share a border or 
a corner with a focal grid cell). βsim is unaffected by difference 
in species richness, and is used to describe spatial turnover 
(Baselga 2010). The turnover associated to each cell was then 
quantified by averaging the dissimilarity values calculated 
between the respective cell and its up to eight neighbours, 
when any neighbouring cell containing intertidal records was 
available (Melo et al. 2009). Relationships between observed 
species richness, number of sampling events, sample cover-
age, and β-diversity were assessed using Pearson’s correlation 
coefficients (r).
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In an effort to mitigate the effects of sampling bias and 
estimate species richness accurately, we standardized the spe-
cies richness of individual grid cells using the rarefaction and 
extrapolation technique based on sample coverage (Chao 
and Jost 2012, Chao et al. 2020). Due to the prevalence of 
low sample coverage across numerous grid cells (only 47% 
of the cells allowed estimations at a coverage level equal 
or superior to 0.75; Results), we implemented the estima-
tions at four sample coverage levels: 0.25, 0.50, 0.75, and 
0.90. The latitudinal variation in species richness across dif-
ferent sample coverage levels was assessed by averaging the 
estimated richness value of the grid cells over 5º latitudinal 
bands. To examine the modality of the estimated richness 
distribution, we employed the bimodality coefficient (BC), 
which indicates whether an empirical distribution leans 
towards unimodality (BC < 0.55) or bimodality (BC > 
0.55; Pfister et al. 2013). Finally, we evaluated the influence 
of tidal flats’ accessibility on sampling effort using the on-
ground accessibility map developed by Weiss et al. (2018), 
which measures the travel time to city centres. Specifically, 
we standardized the tidal flat map to the same spatial resolu-
tion of the accessibility map (~ 1 km) to obtain the estimated 
travel time to each tidal flat pixel. Then, we tested whether 
the minimal travel time to access a tidal flat within a grid cell 
can predict its observed species richness, sampling events, 
and sample coverage through a linear regression model. 
Furthermore, we employed a logistic regression model to 
investigate whether the probability of a grid cell having suf-
ficient data for calculating sample coverage is influenced by 
the accessibility of the tidal flats.

Results

The intertidal database records were dominated by three 
phyla: Mollusca (4643 species), Arthropoda (2553 species), 
and Annelida (1303 species), together constituting 73% of 
all identified species (Supporting information). From the 126 
533 occurrence records, we demonstrate that the observed 
number of species peaks predominantly at mid-latitudes 
(Fig. 1a, BC = 0.66; Fig. 2a, BC = 0.72; darker colours indi-
cate higher species richness), coinciding with high richness 
in Europe, North America, and Oceania, where estimates of 
hundreds of species within 5° grid cells are reported (Fig. 2a). 
In contrast, species richness drops between 20°S and 20°N 
(Fig. 1a). This tropical depression in intertidal species rich-
ness corresponds to a high frequency of latitudinal gaps in 
species range (Fig. 1a), which is consistent for different taxo-
nomic groups (Supporting information), even after searching 
for the same species on subtidal records (Supporting infor-
mation). Despite only 17.5% of the investigated species pre-
senting any latitudinal gap through their latitudinal range, 
78.6% of all quantified gaps occurred in tropical latitudes. 
Between 0° and 5°N, for example, we estimated five times 
more missing than recorded species and almost three times 
more latitudinal gaps than in latitudes outside the tropics 
(Supporting information).

The latitudinal distribution of sampling events showed a 
similar pattern to observed species richness, with peaks in the 
mid-latitudes (r = 0.81, nbands = 24). However, the number of 
sampling events was disproportionally high in the Northern 
Hemisphere (Fig. 3a; darker colours indicate higher values), 
reaching up to 8228 sampling events between 50 and 55°N 
(Supporting information). Sampling effort was notably high 
around Europe, with only four grid cells accounting for 52% 
of all recorded sampling events (Fig. 2b; darker colours indi-
cate a higher number of sampling events). Tropical latitudes, 
on the other hand, were poorly sampled despite their larger 
tidal flat area (Fig. 3a and b; Supporting information). At the 
equator, where latitudinal gaps peak, we found only 40 unique 
sampling events (Supporting information). The least sampled 
regions had the lowest species richness (r = 0.85, ncells = 310) 
and the lowest sample coverage (r = 0.62, ncells = 134; Fig. 2c; 
darker colours indicate higher sampling coverage). Not sur-
prisingly, sample coverage was highest in the mid-latitudes, 
matching latitudinal bands of high sampling effort (r = 0.85, 
nbands = 23; Fig. 1b).

Most mapped tidal flats (65%) are located within 3 hours 
of a city centre via surface transport (78.6% < 6 hours; 88.7% 
< 12 hours; 94.2% < 24 hours), with 90% of all sampling 
events occurring at these sites. Although grid cells with the 
closest tidal flat located more than 3 hours away are mainly 

Figure 1. Latitudinal variation in species richness, latitudinal gaps, 
and sample coverage for intertidal benthic species retrieved from the 
OBIS biodiversity database. (a) Number of observed species (filled 
circles) and number of species with a latitudinal gap (empty circles) 
at each 5° latitudinal band from 60°S to 60°N. (b) Sample coverage 
of the respective latitudinal bands. Dark (a) and hot (b) colours 
indicate high values.
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Figure 2. Global distribution maps of intertidal records retrieved from the OBIS biodiversity database. Maps showing the number of 
observed species (a), the total number of sampling events (b), and the estimated sample coverage (c) within each 5° resolution grid cell 
(empty grid cells, n = 176, indicate that it was not possible to estimate sample coverage). The subplot on the right presents the average values 
per latitudinal band (± standard deviation), standardized by the maximum observed value to range between 0 and 1. Note the paucity of 
sample coverage along the African Atlantic, South American Pacific, and Indo-Pacific coasts.
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present in the tropics and Southern Hemisphere (Supporting 
information), 79% of all grid cells are highly accessible (i.e. < 
3 hours of travel time). The increasing distance of the closest 
intertidal site to a city centre has a slightly negative effect on 
species richness (r2 = 0.02, ncells = 229; Fig. 4a) and the num-
ber of sampling events (r2 = 0.04, ncells = 229; Fig. 4b), which 
affects to some degree the probability of the grid cell having 
enough data to conduct completeness estimation (pseudo-
r2 = 0.03; Fig. 4d). However, for the grid cells with data avail-
able, accessibility does not seem to explain the differences in 
sample coverage (r2 < 0.01, ncells = 130; Fig. 4c).

To test whether variation in sample coverage shaped the 
observed richness pattern, we standardized species rich-
ness across grid cells using fixed levels of sample coverage 
(Supporting information). Estimations at low sample cover-
age (≤ 0.50) resulted in an asymmetrical distribution, peak-
ing at mid-latitudes in the Southern Hemisphere. However, 
these latitudinal bands also showed the highest variability 
among grid cells (Fig. 5a and b). Estimations at high sam-
ple coverage (≥ 0.75) increased the bimodality coefficient 
and the tropical dip (Fig. 5c and d), but this was associated 
with a notable decrease in the number of cells with enough 
data to be included, especially in the tropics (Fig. 5e and f ). 
Similar patterns were evident using a species accumulation 

curve, which indicated that tropical species richness is further 
from its asymptote than in temperate latitudes (Supporting 
information).

In addition to species richness, our analysis of global 
trends in tidal flat β-diversity also revealed a generally high 
dissimilarity among neighbour grid cells containing inter-
tidal records (Fig. 6). Yet the lowest dissimilarity among cells 
was observed in cells with a high number of sampling events 
(r = −0.64, ncells = 293) and sample coverage (r = −0.63, 
ncells = 130), which include North America, Europe, southeast 
Australia, and New Zealand (Fig. 6).

Discussion

The general perception of a classical latitudinal decline in 
biodiversity towards the poles has been challenged by dis-
coveries showing an equatorial depression in the distribu-
tion of marine species (Keith et al. 2014, Chaudhary et al. 
2016, Pamungkas et al. 2021), a pattern that has been sug-
gested to intensify due to detrimental warming in the tropics 
(Chaudhary  et  al. 2021). However, evidence indicates that 
missing occurrence records caused by poor sampling efforts 
in tropical and remote open seas could also create an arte-
factual dip in tropical marine biodiversity (Menegotto and 
Rangel 2018). Owing to the inherent difficulties in reaching 
open-ocean and deep-sea areas, we analysed different mea-
sures of biodiversity and sample effort in the intertidal zone, 
the most accessible marine habitat, to explore whether this 
system has less sampling bias and could, therefore, be used to 
describe more accurately large-scale patterns in marine bio-
diversity. In agreement with previous works, we found that 
the distribution of observed species richness derived from the 
OBIS database exhibits pronounced peaks at mid-latitudes 
and a dip in the tropics. However, this tropical depression 
in species richness is (still) associated with a marked peak of 
latitudinal gaps in species distribution and reduced levels of 
sample coverage, similar to patterns described for the wider 
marine realm (Menegotto and Rangel 2018). These results 
reveal that, even for accessible and well-studied intertidal 
shorelines, database records are not free from sampling biases 
and their associated phenomena.

The globally uneven distribution of sampling efforts in the 
marine realm is widely known (Webb et al. 2010, Menegotto 
and Rangel 2018, Hughes et al. 2021). Evidence for similar 
problems in the intertidal zone might not be surprising con-
sidering the long history of ecological work in mid-latitudi-
nal regions. In the early 19th century, Jean Victor Audouin 
and Henri Milne-Edwards studied vertical zonation on the 
French coast (Audouin and Edwards 1833), inspiring sci-
entists across Europe to use the shoreline for studying dis-
tribution patterns and biodiversity (Forbes 1858, Børgesen 
and Jónsson 1905, Lewis 1964, Stephenson and Stephenson 
1972). In North America, early seminal works on rocky shores 
generated leaps forward in our understanding of species inter-
actions and the processes controlling community and food 
web structure (Paine 1966, Connell 1972). In addition to 

Figure 3. (a) Latitudinal variation in total number of unique sam-
pling events for intertidal benthic species, as retrieved from the 
OBIS biodiversity database. Dark colours indicate high values. (b) 
Total tidal flat area across latitude (year 2014–2016). Dark grey 
colour represents the tidal flat area when considering only those grid 
cells with any record of intertidal benthic species, as displayed in 
Fig. 2. The percentage representation of the same estimate is shown 
in the Supporting information.
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the long history of research on intertidal shorelines in Europe 
and North America, a higher sampling intensity on temper-
ate rocky shores and sandy beaches would also be expected 
simply by the global distribution of these marine ecosystems, 
as their area is reduced in tropical latitudes (Luijendijk et al. 
2018, Fenberg and Rivadeneira 2019). Tidal flat area, on the 
other hand, increases in the tropics, rendering differences 
in sampling effort not justified by area limitation. We were 
unable to extract intertidal biodiversity data from shorelines 
above 60 degrees because higher latitude intertidal areas have 
not yet been mapped (Murray  et  al. 2019). Although pio-
neering polar scientists started exploring Arctic shorelines 
almost a century ago, high latitude shorelines have overall 
been poorly sampled as they were unreachable and believed 
sparsely colonised due to detrimental ice scour and extreme 
sub-zero temperatures (Thorson 1936, Madsen 1940, Ellis 
1955). However, thriving communities are present on polar 
shorelines (Węsławski et al. 2010, Griffiths and Waller 2016, 
Sejr  et  al. 2021, Thyrring and Peck 2021, Thyrring  et  al. 
2021), and future studies should investigate how well-rep-
resented the polar intertidal communities are in biodiversity 
databases.

The poor sampling effort in tropical regions, coupled 
with the correlation between observed species richness and 
the number of sampling events shown here, indicate that 
the spatial bias in data availability challenges our capacity to 
describe global patterns of intertidal biodiversity based solely 
on database records. Indeed, the database-derived richness 
pattern seems to contradict results from previous intertidal 

biodiversity studies on mud and sandy tidal flats (Attrill et al. 
2001, Barboza and Defeo 2015, Thyrring and Harley 2024). 
Standardizing database species richness by sample coverage 
also resulted in contrasting latitudinal patterns, depend-
ing on the cut-off level used. Including only cells with a 
high sample coverage increased the bimodal distribution. 
However, this selection resulted in the exclusion of many cells 
because species-rich regions require a high sampling effort to 
achieve high levels of sample coverage (Chao and Jost 2012). 
Meanwhile, species-poor grid cells have a strong chance of 
achieving high coverage and being retained in the analysis, 
so using high coverage cut-off levels may underestimate spe-
cies richness in some latitudinal bands (for example, latitude 
−27.5 in Fig. 4a and c).

Different studies have indicated that inventory complete-
ness is positively influenced by accessibility (Ballesteros-
Mejia et al. 2013, Herrera-R et al. 2023). According to our 
estimates, most of the analysed grid cells have easily accessible 
intertidal sites with less than 3 hours of travel time from a 
city centre, so that 90% of the intertidal records in OBIS 
originated from these regions. Yet, our estimations revealed 
a low sample coverage at tropical latitudes. Assuming that 
accessibility to intertidal sites might not represent a major 
barrier to data collection, the under-representation of tropi-
cal regions in global biodiversity databases may be driven by 
factors like less effort in data mobilization. Indeed, differ-
ences in accessibility had minimal effect on sampling effort 
and sample coverage, suggesting that if intertidal data are 
being collected in these regions, they are not being made 

Figure 4. Effect of accessibility variation on tidal flat records. Plots show the effects of accessibility of tidal flats, as measured by the minimal 
travel time to reach a tidal flat from urban centres, on the observed species richness (a), sampling effort (b), and sample coverage (c). Solid 
and dashed lines indicate significant and non-significant relationships, respectively (α = 0.05). Plot (d) shows the logistic regression between 
accessibility to city centres and the probability of grid cells having enough data to calculate the sample coverage. Shadow indicates the 95% 
confidence interval.
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adequately available in global databases. An alternative 
explanation is that, despite accessibility, most regions may 
not have the experts required to work with the multi-taxa 
intertidal biota. Collectors are known to restrict most of their 
sampling activities to areas close to their home institutions 
(Meyer et al. 2015, Moura et al. 2018), which may result in 
most intertidal regions not being sampled regardless of their 
on-ground accessibility. Therefore, providing incentives for 
sampling expeditions to less explored but accessible areas, 
and supporting the training of taxonomists across the global 
south, as well as facilitating the exchange of experts among 
institutions to encourage researchers to venture beyond their 
primary research facility, could enhance sampling efforts and 
the level of sample coverage in this habitat.

The above-mentioned limitations of databases have major 
implications not only for the description of diversity patterns 
but also for studies of climate change and geographic range 

shifts (Wisz et al. 2015). Recent studies have revealed a rapid 
compositional change in marine communities in response 
to climate change (Blowes et al. 2019, Burrows et al. 2019), 
and major changes are projected in a warmer future as species 
redistribute poleward into sensitive high-latitude ecosystems 
(Molinos et al. 2016). For instance, in the Antarctic, small 
experimental temperature increases have resulted in dramatic 
changes in marine communities because polar marine ecto-
therms have poor acclimation capacities (Ashton et al. 2017, 
Clark et al. 2019). In Arctic waters, compositional changes 
have already occurred (Fossheim  et  al. 2015), increasing 
biomass and biodiversity (Węsławski et al. 2010), whilst the 
changing conditions negatively impact the endemic fauna 
(Węsławski et al. 2008, Descamps et al. 2017). Standardized 
quantitative methods are thus increasingly necessary for mon-
itoring marine biodiversity over large spatial scales, as current 
biases in occurrence records from global biodiversity databases 

Figure 5. (a–d) Latitudinal variation in estimated species richness for intertidal benthic species retrieved from the OBIS biodiversity data-
base after standardizing the number of species at the 5˚ grid cell across four levels of sample coverage (SC). Circles and arrows represent 
mean and standard deviation, respectively. (e) Latitudinal distribution of the number of grid cells with intertidal records, highlighting the 
fraction of cells with sufficient data to calculate sample coverage (grey). (f ) Proportion of grid cells used to calculate the respective sample 
coverage (yellow = 0.25, dark yellow = 0.50, orange = 0.75, red = 0.90) shown in panels a–d.
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make them less efficient for, and in some cases incapable of, 
directly tracking species redistribution (Edgar  et  al. 2016). 
Specifically, spatial biases may produce artefactual variation 
in patterns of species composition, increasing species dissimi-
larity in less covered areas (Chollett and Robertson 2020). 
Our results support these findings, revealing an unexpected 
and generalized high dissimilarity among neighbour grid cells 
at a 5° resolution associated with low sampling effort and 
inventory incompleteness, making it almost impossible to 
distinguish range shifts from previously unrecorded occur-
rences. This is worrying because alterations to intertidal shore 
biodiversity have the potential to be used as an early warn-
ing system for climate change impacts (Wethey and Woodin 
2008). Fortunately, several large-scale standardized monitor-
ing programs have emerged recently, including some pro-
grams focused on the intertidal zone (Bernardino et al. 2016, 
Muelbert et al. 2019, Obst et al. 2020, Montes et al. 2021, 
Gilbane et  al. 2022). While such programs are challenging 
to maintain and require stable funding (Livore et al. 2021), 
these initiatives are crucial to advancing our understanding 
of the impacts of sea level rise and climate change on marine 
biodiversity.

In conclusion, biodiversity databases provide unique plat-
forms that underpin current efforts to understand large-scale 
biogeography and biodiversity patterns. However, our study 
demonstrates that even for intertidal shorelines, the most 
easily accessible and inexpensive marine ecosystem to sur-
vey, notable gaps still exist. Considering the relative ease of 
sampling tidal flats, we speculate that this data shortage may 
occur due to an uneven distribution of taxonomic specialists 
to identify the diverse organisms that compose benthic com-
munities, which will naturally result in occurrence gaps across 
the globe in most, if not all, marine environments. Reduced 
data availability may also indicate a poor data sharing or 
mobilization culture, at least regarding well-studied taxa. 

By highlighting these coverage gaps, we hope to encourage 
initiatives that promote more and better-distributed research 
efforts to collect and mobilise occurrence information as well 
as long-term network monitoring programs in the marine 
realm. Indeed, intertidal ecosystems can offer a starting point 
to increase the data availability for under-represented regions, 
and reduce the current substantial uncertainty in the distri-
bution of data-limited species, steps that are essential in order 
to understand the impacts of climate change at regional and 
global scales.

Funding – This study received support from the National Institute 
for Science and Technology (INCT) in Ecology, Evolution and 
Biodiversity Conservation (CNPq: 465610/2014‐5; FAPEG: 
201810267000023), and by the European Union’s Horizon Europe 
research and innovation programme under grant agreement no. 
101136875 (project POMP – Polar Ocean Mitigation Potential; 
MSE) and 101060937 (project MARBEFES – MARine Biodiversity 
and Ecosystem Functioning leading to Ecosystem Service). JT was 
supported by the Independent Research Fund Denmark (Danmarks 
Frie Forskningsfond; case no. 7027-00060B), the Carlsberg 
Foundation (case no. CF21-0564), and by a Marie Sklodowska-
Curie Individual Fellowship (IF; case no. 797387). AM was 
supported by a ‘Juan de la Cierva-Formación’ fellowship (FJC2020-
044080-I), funded by MICIU/AEI/10.13039/501100011033 and 
by the European Union NextGenerationEU/PRTR. CDGH was 
supported by a Natural Sciences and Engineering Research Council 
(Canada) Discovery Grant (case no. RGPIN-2022-04683). LSP 
was supported by core funds from the UKRI Natural Environment 
Research Council to the British Antarctic Survey.

Author contributions

Jakob Thyrring: Conceptualization (equal); Writing – origi-
nal draft (lead); Writing – review and editing (equal). Lloyd 
S. Peck: Conceptualization (supporting); Writing – review 

Figure 6. Dissimilarity of intertidal species composition (β-diversity) retrieved from the OBIS biodiversity database across grid cells of 5° 
resolution. Mapped dissimilarity is calculated by averaging the Simpson pair-wise dissimilarity matrix (βsim) estimated between a focal cell 
and all its respective adjacent cells containing intertidal records. Empty grid cells (n = 17) indicate that it was not possible to estimate the 
surrounding dissimilarity. The subplot on the right presents the average values per latitudinal band (± standard deviation), standardized by 
the maximum observed value to range between 0 and 1.

 16000587, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1111/ecog.07006 by B

ritish A
ntarctic Survey, W

iley O
nline L

ibrary on [12/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Page 10 of 12

and editing (equal). Mikael K. Sejr: Conceptualization (sup-
porting); Writing – review and editing (equal). Jan Marcin 
Węsławski: Conceptualization (supporting); Writing – 
review and editing (equal). Christopher D. G. Harley: 
Conceptualization (supporting); Writing – review and edit-
ing (equal). André Menegotto: Conceptualization (equal); 
Formal analysis (lead); Methodology (lead); Visualization 
(lead); Writing – original draft (supporting); Writing – review 
and editing (equal).

Transparent peer review

The peer review history for this article is available at https://
www.webofscience.com/api/gateway/wos/peer-review/
ecog.07006.

Data availability statement

All occurrence records used in this study are freely available 
from the Ocean Biogeographic Information System (OBIS; 
www.iobis.org), and a complete reference list of the data pro-
viders can be found in Supporting information. The code 
needed to replicate the findings of this study is available from 
the Zenodo Digital Repository: https://doi.org/10.5281/
zenodo.13128761 (Thyrring et al. 2024).

Supporting information

The Supporting information associated with this article is 
available with the online version.

References

Ashton, G. V., Morley, S. A., Barnes, D. K. A., Clark, M. S. and 
Peck, L. S. 2017. Warming by 1 degrees C drives species and 
assemblage level responses in Antarctica's marine shallows. – 
Curr. Biol. 27: 2698–2705.e3.

Attrill, M. J., Stafford, R. and Rowden, A. A. 2001. Latitudinal 
diversity patterns in estuarine tidal flats: indications of a global 
cline. – Ecography 24: 318–324.

Audouin, J. V. and Edwards, H. M. 1833. Classification des Annélides, 
et description de celles qui habitent les côtes de la France. – 
Annales des sciences naturelles: comprenant la physiologie animale 
et végétale, l’anatomie comparée des deux règnes, la zoologie, la 
botanique, la minéralogie et la géologie 28: 187–247.

Ball-Damerow, J. E., Brenskelle, L., Barve, N., Soltis, P. S., Sier-
wald, P., Bieler, R., LaFrance, R., Ariño, A. H. and Guralnick, 
R. P. 2019. Research applications of primary biodiversity data-
bases in the digital age. – PLoS One 14: e0215794.

Ballesteros-Mejia, L., Kitching, I. J., Jetz, W., Nagel, P. and Beck, 
J. 2013. Mapping the biodiversity of tropical insects: species 
richness and inventory completeness of African sphingid moths. 
– Global Ecol. Biogeogr. 22: 586–595.

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. 
C. and Silliman, B. R. 2011. The value of estuarine and coastal 
ecosystem services. – Ecol. Monogr. 81: 169–193.

Barboza, F. R. and Defeo, O. 2015. Global diversity patterns in 
sandy beach macrofauna: a biogeographic analysis. – Sci. Rep. 
5: 14515.

Baselga, A. 2010. Partitioning the turnover and nestedness compo-
nents of beta diversity. – Global Ecol. Biogeogr. 19: 134–143.

Beck, J., Böller, M., Erhardt, A. and Schwanghart, W. 2014. Spatial 
bias in the GBIF database and its effect on modeling species’ 
geographic distributions. – Ecol. Inform. 19: 10–15.

Bellard, C., Genovesi, P. and Jeschke, J. M. 2016. Global patterns 
in threats to vertebrates by biological invasions. – Proc. R. Soc. 
B 283: 20152454.

Benson, D. A., Cavanaugh, M., Clark, K., Karsch-Mizrachi, I., 
Lipman, D. J., Ostell, J. and Sayers, E. W. 2012. GenBank. – 
Nucl. Acids Res. 41: D36–D42.

Bernardino, A. F., Pagliosa, P. R., Christofoletti, R. A., Barros, F., 
Netto, S. A., Muniz, P. and Lana, Pd. C. 2016. Benthic estuarine 
communities in Brazil: moving forward to long term studies to 
assess climate change impacts. – Braz. J. Oceanogr. 64: 81–96.

Blowes, S. A. et al. 2019. The geography of biodiversity change in 
marine and terrestrial assemblages. – Science 366: 339–345.

Børgesen, F. S. and Jónsson, H. 1905. The distribution of the 
marine algae of the Arctic Sea and of the northernmost part of 
the Atlantic. – In: Warming, E. (ed.), Botany of the Faeroes. 
Vol. 3, Appendix I–XXVIII. Nordisk Forlag.

Burrows, M. T., Bates, A. E., Costello, M. J., Edwards, M., Edgar, 
G. J., Fox, C. J., Halpern, B. S., Hiddink, J. G., Pinsky, M. L., 
Batt, R. D., García Molinos, J., Payne, B. L., Schoeman, D. S., 
Stuart-Smith, R. D. and Poloczanska, E. S. 2019. Ocean com-
munity warming responses explained by thermal affinities and 
temperature gradients. – Nat. Clim. Change 9: 959–963.

Chamberlain, S. 2019. worrms: World Register of Marine Species 
(WoRMS) client. – R package ver. 0.4.0, https://CRAN.R-
project.org/package=worrms.

Chao, A. and Jost, L. 2012. Coverage-based rarefaction and extrap-
olation: standardizing samples by completeness rather than size. 
– Ecology 93: 2533–2547. 

Chao, A., Kubota, Y., Zelený, D., Chiu, C.-H., Li, C.-F., Kusu-
moto, B., Yasuhara, M., Thorn, S., Wei, C.-L., Costello, M. J. 
and Colwell, R. K. 2020. Quantifying sample completeness and 
comparing diversities among assemblages. – Ecol. Res. 35: 
292–314.

Chaudhary, C., Saeedi, H. and Costello, M. J. 2016. Bimodality 
of latitudinal gradients in marine species richness. – Trends 
Ecol. Evol. 31: 670–676.

Chaudhary, C., Richardson, A. J., Schoeman, D. S. and Costello, 
M. J. 2021. Global warming is causing a more pronounced dip 
in marine species richness around the equator. – Proc. Natl 
Acad. Sci. USA 118: e2015094118.

Chollett, I. and Robertson, D. R. 2020. Comparing biodiversity 
databases: Greater Caribbean reef fishes as a case study. – Fish 
Fish. 21: 1195–1212.

Clark, M. S., Villota Nieva, L., Hoffman, J. I., Davies, A. J., Trivedi, 
U. H., Turner, F., Ashton, G. V. and Peck, L. S. 2019. Lack of 
long-term acclimation in Antarctic encrusting species suggests 
vulnerability to warming. – Nat. Commun. 10: 3383.

Connell, J. H. 1972. Community interactions on marine rocky 
intertidal shores. – Annu. Rev. Ecol. Syst. 3: 169–192.

Cruz-Motta, J. J. et al. 2020. Latitudinal patterns of species diver-
sity on South American rocky shores: local processes lead to 
contrasting trends in regional and local species diversity. – J. 
Biogeogr. 47: 1966–1979.

Descamps, S., Aars, J., Fuglei, E., Kovacs, K. M., Lydersen, C., 
Pavlova, O., Pedersen, Å. Ø., Ravolainen, V. and Strøm, H. 
2017. Climate change impacts on wildlife in a High Arctic archi-
pelago – Svalbard, Norway. – Global Change Biol. 23: 490–502.

 16000587, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1111/ecog.07006 by B

ritish A
ntarctic Survey, W

iley O
nline L

ibrary on [12/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.webofscience.com/api/gateway/wos/peer-review/ecog.07006
https://www.webofscience.com/api/gateway/wos/peer-review/ecog.07006
https://www.webofscience.com/api/gateway/wos/peer-review/ecog.07006
www.iobis.org
https://doi.org/10.5281/zenodo.13128761
https://doi.org/10.5281/zenodo.13128761
https://CRAN.R-project.org/package=worrms
https://CRAN.R-project.org/package=worrms


Page 11 of 12

Di Marco, M., Harwood, T. D., Hoskins, A. J., Ware, C., Hill, S. L. 
L. and Ferrier, S. 2019. Projecting impacts of global climate and 
land-use scenarios on plant biodiversity using compositional-
turnover modelling. – Global Change Biol. 25: 2763–2778.

Donato, D. C., Kauffman, J. B., Murdiyarso, D., Kurnianto, S., 
Stidham, M. and Kanninen, M. 2011. Mangroves among the 
most carbon-rich forests in the tropics. – Nat. Geosci. 4: 293–297.

Edgar, G. J., Bates, A. E., Bird, T. J., Jones, A. H., Kininmonth, 
S., Stuart-Smith, R. D. and Webb, T. J. 2016. New approaches 
to marine conservation through the scaling up of ecological 
data. – Annu. Rev. Mar. Sci. 8: 435–461.

Elith, J. and Leathwick, J. R. 2009. Species distribution models: 
ecological explanation and prediction across space and time. – 
Annu. Rev. Ecol. Evol. Syst. 40: 677–697.

Ellis, D. V. 1955. Some observations on the shore fauna of Baffin 
Island. – Arctic 8: 224–236.

Fenberg, P. B. and Rivadeneira, M. M. 2019. On the importance 
of habitat continuity for delimiting biogeographic regions and 
shaping richness gradients. – Ecol. Lett. 22: 664–673.

Forbes, E. 1858. The distribution of marine life, illustrated chiefly 
by fishes and molluscs and radiata. – In: Johnston, A. K. (ed.), 
Physical atlas. William Blackwood & Sons, pp. 99–101.

Fossheim, M., Primicerio, R., Johannesen, E., Ingvaldsen, R. B., 
Aschan, M. M. and Dolgov, A. V. 2015. Recent warming leads 
to a rapid borealization of fish communities in the Arctic. – Nat. 
Clim. Change 5: 673–677.

Franklin, J. 2010. Mapping species distributions: spatial inference 
and prediction. – Cambridge Univ. Press, pp. I–XVIII + 320.

Gauzens, B., Rall, B. C., Mendonça, V., Vinagre, C. and Brose, U. 
2020. Biodiversity of intertidal food webs in response to warm-
ing across latitudes. – Nat. Clim. Change 10: 264–269.

Gilbane, L., Ambrose, R. F., Burnaford, J. L., Helix, M. E., Miner, 
C. M., Murray, S., Sullivan, K. M. and Whitaker, S. G. 2022. 
Chapter 7 - Long-term sustainability of ecological monitoring: 
perspectives from the Multi-Agency Rocky Intertidal Network. 
– In: Auad, G. and Wiese, F. K. (eds), Partnerships in marine 
research. Elsevier, pp. 109–129.

Gray, C. L., Hill, S. L. L., Newbold, T., Hudson, L. N., Börger, L., 
Contu, S., Hoskins, A. J., Ferrier, S., Purvis, A. and Scharlemann, 
J. P. W. 2016. Local biodiversity is higher inside than outside 
terrestrial protected areas worldwide. – Nat. Commun. 7: 12306.

Griffiths, H. J. and Waller, C. L. 2016. The first comprehensive 
description of the biodiversity and biogeography of Antarctic 
and sub-Antarctic intertidal communities. – J. Biogeogr. 43: 
1143–1155.

Heberling, J. M., Miller, J. T., Noesgaard, D., Weingart, S. B. and 
Schigel, D. 2021. Data integration enables global biodiversity 
synthesis. – Proc. Natl Acad. Sci. USA 118: e2018093118.

Herrera-R, G. A., Tedesco, P. A., DoNascimiento, C., Jézéquel, C. 
and Giam, X. 2023. Accessibility and appeal jointly bias the 
inventory of Neotropical freshwater fish fauna. – Biol. Conserv. 
284: 110186.

Higgs, N. D. and Attrill, M. J. 2015. Biases in biodiversity: wide-
ranging species are discovered first in the deep sea. – Front. Mar. 
Sci. 2: 61.

Hijmans, R. 2020. raster: geographic data analysis and modeling. – R 
package, ver. 3.4-5, https://CRAN.R-project.org/package=raster.

Hijmans, R. 2023. terra: spatial data analysis. – R package, ver. 
1.7-39, https://CRAN.R-project.org/package=terra.

Hsieh, T. C., Ma, K. H. and Chao, A. 2016. iNEXT: an R package 
for rarefaction and extrapolation of species diversity (Hill num-
bers). – Methods Ecol. Evol. 7: 1451–1456.

Hughes, A. C., Orr, M. C., Ma, K., Costello, M. J., Waller, J., 
Provoost, P., Yang, Q., Zhu, C. and Qiao, H. 2021. Sampling 
biases shape our view of the natural world. – Ecography 44: 
1259–1269.

Johnston, R. J., Grigalunas, T. A., Opaluch, J. J., Mazzotta, M. and 
Diamantedes, J. 2002. Valuing estuarine resource services using 
economic and ecological models: the Peconic Estuary System 
study. – Coastal Management 30: 47–65.

Kattge, J.  et  al. 2011. TRY – a global database of plant traits. – 
Global Change Biol. 17: 2905–2935.

Keith, S. A., Kerswell, A. P. and Connolly, S. R. 2014. Global diver-
sity of marine macroalgae: environmental conditions explain less 
variation in the tropics. – Global Ecol. Biogeogr. 23: 517–529.

Kusumoto, B., Costello, M. J., Kubota, Y., Shiono, T., Wei, C.-L., 
Yasuhara, M. and Chao, A. 2020. Global distribution of coral 
diversity: biodiversity knowledge gradients related to spatial 
resolution. – Ecol. Res. 35: 315–326.

Lenoir, J., Bertrand, R., Comte, L., Bourgeaud, L., Hattab, T., 
Murienne, J. and Grenouillet, G. 2020. Species better track 
climate warming in the oceans than on land. – Nat. Ecol. Evol. 
4: 1044–1059.

Levin, M. O., Meek, J. B., Boom, B., Kross, S. M. and Eskew, E. 
A. 2022. Using publicly available data to conduct rapid assess-
ments of extinction risk. – Conserv. Sci. Pract. 4: e12628.

Lewis, J. R. 1964. The ecology of rocky shores. – English Univ. 
Press, p. 187.

Livore, J. P., Mendez, M. M., Miloslavich, P., Rilov, G. and Bigatti, 
G. 2021. Biodiversity monitoring in rocky shores: challenges of 
devising a globally applicable and cost-effective protocol. – 
Ocean Coast. Manage. 205: 105548.

Lomolino, M. J. 2004. Conservation biogeography. – In: Lomolino, 
M. V. and Heaney, L. R. (eds), Frontiers of biogeography: new 
directions of the geography of nature. Sinauer Associates Inc., 
pp. 293–296.

Longbottom, J., Shearer, F. M., Devine, M., Alcoba, G., Chappuis, 
F., Weiss, D. J., Ray, S. E., Ray, N., Warrell, D. A., Ruiz de 
Castañeda, R., Williams, D. J., Hay, S. I. and Pigott, D. M. 
2018. Vulnerability to snakebite envenoming: a global mapping 
of hotspots. – Lancet 392: 673–684.

Luijendijk, A., Hagenaars, G., Ranasinghe, R., Baart, F., Donchyts, 
G. and Aarninkhof, S. 2018. The state of the world’s beaches. 
– Sci. Rep. 8: 6641.

Madsen, H. 1940. A study on the littoral fauna of northwest Green-
land. Meddelslser om Grønland. Vol. 124. – Reitzel, p. 24.

Magurran, A. E. 2017. The important challenge of quantifying 
tropical diversity. – BMC Biol. 15: 14.

Melo, A. S., Rangel, T. F. L. V. B. and Diniz‐Filho, J. A. F. 2009. 
Environmental drivers of beta‐diversity patterns in New‐World 
birds and mammals. – Ecography 32: 226–236.

Menegotto, A. and Rangel, T. F. 2018. Mapping knowledge gaps 
in marine diversity reveals a latitudinal gradient of missing spe-
cies richness. – Nat. Commun. 9: 4713.

Metcalfe, D. B.  et  al. 2018. Patchy field sampling biases under-
standing of climate change impacts across the Arctic. – Nat. 
Ecol. Evol. 2: 1443–1448.

Meyer, C., Kreft, H., Guralnick, R. and Jetz, W. 2015. Global 
priorities for an effective information basis of biodiversity dis-
tributions. – Nat. Commun. 6: 8221.

Mieszkowska, N., Burrows, M. T., Hawkins, S. J. and Sugden, H. 
2021. Impacts of pervasive climate change and extreme events 
on rocky intertidal communities: evidence from long-term data. 
– Front. Mar. Sci. 8: 642764.

 16000587, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1111/ecog.07006 by B

ritish A
ntarctic Survey, W

iley O
nline L

ibrary on [12/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://CRAN.R-project.org/package=raster
https://CRAN.R-project.org/package=terra


Page 12 of 12

Molinos, J., Halpern, B., Schoeman, D., Brown, C., Kiessling, W., 
Moore, P., Pandolfi, J., Poloczanska, E., Richardson, A. and 
Burrows, M. 2016. Climate velocity and the future global 
redistribution of marine biodiversity. – Nat. Clim. Change 6: 
83–88.

Montes, E., Lefcheck, J., Guerra Castro, E., Klein, E., de Azevedo 
Mazzuco, A. C., Bigatti, G., Cordeiro, C., Simoes, N., Macaya, 
E., Moity, N., Londoño-Cruz, E., Helmuth, B., Choi, F., Soto, 
E., Miloslavich, P. and Muller-Karger, F. 2021. Optimizing 
large-scale biodiversity sampling effort towards an unbalanced 
survey design. – Oceanography 34: 80–91.

Moura, M. R., Costa, H. C., Peixoto, M. A., Carvalho, A. L. G., 
Santana, D. J. and Vasconcelos, H. L. 2018. Geographical and 
socioeconomic determinants of species discovery trends in a 
biodiversity hotspot. – Biol. Conserv. 220: 237–244.

Muelbert, J. H. et al. 2019. ILTER – the International Long-Term 
Ecological Research network as a platform for global coastal and 
ocean observation. – Front. Mar. Sci. 6: 527.

Murray, N. J., Phinn, S. R., DeWitt, M., Ferrari, R., Johnston, R., 
Lyons, M. B., Clinton, N., Thau, D. and Fuller, R. A. 2019. 
The global distribution and trajectory of tidal flats. – Nature 
565: 222–225.

Nelson, G. and Ellis, S. 2019. The history and impact of digitiza-
tion and digital data mobilization on biodiversity research. – 
Phil. Trans. R. Soc. B 374: 20170391.

Nguyen, K. D. T., Morley, S. A., Lai, C. H., Clark, M. S., Tan, K. 
S., Bates, A. E. and Peck, L. S. 2011. Upper temperature limits 
of tropical marine ectotherms: global warming implications. – 
PLoS One 6: e29340.

Obst, M. et al. 2020. A marine biodiversity observation network 
for genetic monitoring of hard-bottom communities (ARMS-
MBON). – Front. Mar. Sci. 7: 572680.

Paine, R. T. 1966. Food web complexity and species diversity. – 
Am. Nat. 100: 65–75.

Pamungkas, J., Glasby, C. J. and Costello, M. J. 2021. Biogeogra-
phy of polychaete worms (Annelida) of the world. – Mar. Ecol. 
Prog. Ser. 657: 147–159.

Petersen, T. K., Speed, J. D. M., Grøtan, V. and Austrheim, G. 
2021. Species data for understanding biodiversity dynamics: the 
what, where and when of species occurrence data collection. – 
Ecol. Solut. Evid. 2: e12048.

Pfister, R., Schwarz, K. A., Janczyk, M., Dale, R. and Freeman, J. 
B. 2013. Good things peak in pairs: a note on the bimodality 
coefficient. – Front. Psychol. 4: 700.

Poelen, J. H., Simons, J. D. and Mungall, C. J. 2014. Global biotic 
interactions: an open infrastructure to share and analyze species-
interaction datasets. – Ecol. Inform. 24: 148–159.

Schoch, G. C., Menge, B. A., Allison, G., Kavanaugh, M., Thomp-
son, S. A. and Wood, A. S. 2006. Fifteen degrees of separation: 
latitudinal gradients of rocky intertidal biota along the Califor-
nia current. – Limnol. Oceanogr. 51: 2564–2585.

Sejr, M. K., Mouritsen, K. N., Krause-Jensen, D., Olesen, B., Bli-
cher, M. E. and Thyrring, J. 2021. Small scale factors modify 
impacts of temperature, ice scour and waves and drive rocky 
intertidal community structure in a Greenland fjord. – Front. 
Mar. Sci. 7: 607135.

Stephenson, T. A. and Stephenson, A. 1972. Life between tide-
marks on rocky shores. – W. H. Freeman & Company Ltd.

Stillman, J. H. 2003. Acclimation capacity underlies susceptibility 
to climate change. – Science 301: 65–65.

Stropp, J., Ladle, R. J., Malhado, M. A. C., Hortal, J., Gaffuri, J., 
Temperley, H., Olav Skøien, J. and Mayaux, P. 2016. Mapping 
ignorance: 300 years of collecting flowering plants in Africa. 
– Global Ecol. Biogeogr. 25: 1085–1096.

Thorson, G. 1936. Investigations on shallow water animal com-
munities in the Franz Joseph Fjord (east Greenland) and adja-
cent waters. – Medd. Grønland 100: 1–70.

Thyrring, J. and Harley, C. D. G. 2024. Marine latitudinal diversity 
gradients are generally absent in intertidal ecosystems. – Ecol-
ogy 105: e4205.

Thyrring, J. and Peck, L. S. 2021. Global gradients in intertidal 
species richness and functional groups. – eLife 10: e64541.

Thyrring, J., Wegeberg, S., Blicher, M. E., Krause‐Jensen, D., Høg-
slund, S., Olesen, B., Jozef, W., Mouritsen, K. N., Peck, L. S. 
and Sejr, M. K. 2021. Latitudinal patterns in intertidal ecosys-
tem structure in west Greenland suggest resilience to climate 
change. – Ecography 44: 1156–1168.

Thyrring, J., Peck, L. S., Sejr, M. K., Węsławski, J. M., Harley, C. 
D. G. and Menegotto, A. 2024. Data from: Shallow coverage 
in shallow waters: the incompleteness of intertidal species 
inventories in biodiversity database records. – Zenodo Digital 
Repository, https://doi.org/10.5281/zenodo.13128761.

Vogt, J. C., Abed, R. M. M., Albach, D. C. and Palinska, K. A. 
2019. Latitudinal gradient of cyanobacterial diversity in tidal 
flats. – PLoS One 14: e0224444.

Webb, T. J., Vanden Berghe, E. and O'Dor, R. 2010. Biodiversity's 
big wet secret: the global distribution of marine biological 
records reveals chronic under-exploration of the deep pelagic 
ocean. – PLoS One 5: e10223.

Weiss, D. J. et al. 2018. A global map of travel time to cities to assess 
inequalities in accessibility in 2015. – Nature 553: 333–336.

Węsławski, J. M., Kwasniewski, S. and Stempniewicz, L. 2008. 
Warming in the Arctic may result in the negative effects of 
increased biodiversity. – Polarforchung 78: 105–108.

Węsławski, J. M., Wiktor, J. and Kotwicki, L. 2010. Increase in 
biodiversity in the arctic rocky littoral, Sorkappland, Svalbard, 
after 20 years of climate warming. – Mar. Biodivers. 40: 123–130.

Wethey, D. S. and Woodin, S. A. 2008. Ecological hindcasting of 
biogeographic responses to climate change in the European 
intertidal zone. – Hydrobiologia 606: 139–151.

Wisz, M. S., Broennimann, O., Grønkjær, P., Møller, P. D. R., 
Olsen, S. M., Swingedouw, D., Hedeholm, R. B., Nielsen, E. 
E., Guisan, A. and Pellissier, L. 2015. Reply to 'Sources of 
uncertainties in cod distribution models'. – Nat. Clim. Change 
5: 790–791.

Yang, W., Ma, K. and Kreft, H. 2013. Geographical sampling bias 
in a large distributional database and its effects on species rich-
ness–environment models. – J. Biogeogr. 40: 1415–1426.

Zhao, Q., Stephenson, F., Lundquist, C., Kaschner, K., Jayathilake, 
D. and Costello, M. J. 2020. Where marine protected areas 
would best represent 30% of ocean biodiversity. – Biol. Con-
serv. 244: 108536.

 16000587, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1111/ecog.07006 by B

ritish A
ntarctic Survey, W

iley O
nline L

ibrary on [12/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5281/zenodo.13128761

	0.65835571289063
	Material and methods
	0.67538452148438
	Diversity estimates and sample coverage

	0.4512939453125
	Discussion
	0.6202392578125
	Transparent peer review
	0.05068969726563
	Supporting information

	References

