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Abstract: Altitude is a key environmental factor influencing ecological patterns and 
biodiversity in ecosystems. In aquatic organisms, taxonomic richness typically declines 
with increasing altitude, although studies on Ephemeroptera show variability in this 
trend. To better understand this relationship and identify research gaps, we conducted 
a literature review using the Web of Science database using the terms “Ephemeroptera”, 
“Mayfl*”, “watercourse” and “altitude” in English, Portuguese, and Spanish, complemented 
with data from a global study on aquatic insects. Out of 228 identified articles, 74 met our 
criteria. The most relevant journals were Freshwater Biology (n = 11) and Hydrobiologia 
(n = 5). Studies were concentrated in the Palearctic (40.5%) and Neotropical (29.7%) 
regions, with Algeria (n = 6), Slovakia (n = 4), Ecuador (n = 8), and Argentina (n = 8) as 
the most studied countries. Most studies investigated the influence of environmental 
factors on community composition and diversity (n = 35). Only ~30% focused exclusively 
on Ephemeroptera, emphasizing nymph stages and species-level taxonomy. Sampling 
was concentrated at up to 20 sites (n = 42) at elevations below 3,000 m. Our analysis 
confirms that Ephemeroptera species richness, genus richness, and overall abundance 
significantly decline at higher elevations.

Key words: High Elevations, Freshwater Ecosystems, Mayfly, Species Richness, Mountain 
Streams, Aquatic Insects.

INTRODUCTION
The relationship between altitude and 
biodiversity has been studied since the 18th 
century, with Alexander von Humboldt pioneering 
the study of vegetation across different regions 
of the world (West 2021). Since then, numerous 
studies have further explored this relationship, 
highlighting environmental changes associated 
with increasing altitude, such as reductions 
in available land area, atmospheric pressure, 
and temperature, as well as an increase in 
solar radiation (Blumthaler et al. 1997, Körner 
& Paulsen 2010, Peacock 1998, Sarmiento 1987). 
These variations also affect aquatic ecosystems, 
influencing temperature, oxygenation, the 
concentration of suspended solids, and water 
flow (Jacobsen 2008). These factors, in turn, impact 

gas exchange and the dispersal of organisms 
inhabiting these environments (MacDonald & 
Coe 2007, Theodoropoulos et al. 2017), as well 
as the distribution and diversity of species, with 
a general trend of decreasing species richness 
at higher altitudes (Füreder et al. 2006, Rahbek 
1995, Sekar et al. 2024, Wolda 1987). Studies 
evaluating the relationship between altitude 
and biodiversity have documented contrasting 
patterns that differ among taxonomic groups. 
These patterns reflect the interaction between 
altitude and environmental factors, such as 
temperature, oxygen availability, productivity 
and habitat heterogeneity. For instance, fish 
richness typically shows a continuous decline 
with increasing altitude (Bistoni & Hued 2002, 
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Jaramillo-Villa et al. 2010). In contrast, benthic 
macroinvertebrates frequently display unimodal 
or mid-elevation peaks, associated with 
transitional climatic zones or enhanced habitat 
heterogeneity (Henriques-Oliveira & Nessimian 
2010), although some studies have reported 
monotonic declines in these groups as well 
(García-Ríos et al. 2020, Suren 1994). Conversely, 
other analyses have detected no significant 
relationship between altitude and aquatic 
insect diversity, indicating that local factors may 
override elevational gradients (Siri et al. 2022, 
Torrejon et al. 2022). This variability highlights 
a gap in the existing literature and emphasises 
the need for a comprehensive synthesis that can 
integrate results from different regions, methods 
and taxonomic groups.

Ephemeroptera have a life cycle characterized 
by an aquatic immature stage and two winged 
stages, the subimago and the imago (Da-Silva & 
Salles 2024). They are notable for their ecological 
importance and sensitivity to environmental 
changes (Ramulifho et al. 2020). Their nymphs 
are highly sensitive to temperature and dissolved 
oxygen variations that occur with elevation 
(Shah et al. 2020). Furthermore, Ephemeroptera 
are present across a wide range of altitudes, 
from lowland tropical streams to high-mountain 
environments, which enables their communities 
to respond to environmental filtering along 
these altitudinal gradients (Grigoropoulou et 
al. 2023). Functionally, their immature stages 
play key roles in nutrient cycling, organic 
matter processing, and energy flow within lotic 
ecosystems (Dijkstra et al. 2014, Jacobus et al. 
2019, Mariano & Costa 2014), making changes in 
their assemblage (i.e, richness and abundance) 
ecologically meaningful. These characteristics 
make Ephemeroptera an effective biological 
model for evaluating altitudinal patterns in 
freshwater biodiversity and environmental 
change. Accordingly, mayfly assemblages often 

reflect the environmental filtering imposed 
by elevation, with species richness generally 
decreasing at higher altitudes (Grigoropoulou 
et al. 2023, Miserendino & Pizzolán 2001, Pohe et 
al. 2024, Sartori & Brittain 2015). However, some 
studies report different patterns, with greater 
species richness at mid or high altitudes (Jiang 
et al. 2013, Lang & Reymond 1993, Vilenica et al. 
2018).

Our main aim was to provide a comprehensive 
synthesis of how Ephemeroptera responds to 
altitudinal gradients worldwide by integrating 
scientometric evidence with quantitative 
analyses of richness and abundance. 
Specifically, we compiled global publication 
trends, mapped the geographic distribution 
of studies, summarized the methodologies 
employed, and evaluated how altitude has been 
used to explain patterns in Ephemeroptera 
diversity. In addition, we tested the hypothesis 
that Ephemeroptera richness and abundance 
vary systematically along altitudinal gradients, 
with a general expectation of decreasing diversity 
at higher elevations, as suggested by previous 
ecological and biogeographical studies.

MATERIALS AND METHODS
To understand the effects of altitude on 
Ephemeroptera, we conducted a scientometric 
analysis, which quantitatively examines 
scientific production (Leydesdorff 2001, Mingers 
& Leydesdorff 2015). To identify published 
studies relating Ephemeroptera to altitude, we 
searched the Web of Science database (WoS – 
https://www.webofscience.com/). Preliminary 
exploratory searches in Scopus and SciELO 
indicated a high degree of overlap with Web 
of Science. Therefore, WoS was selected as 
the sole database due to its broader temporal 
coverage and consistent performance. In 
particular, WoS indexes publications dating 
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back to 1900, offering a much wider historical 
scope than other databases such as Scopus, 
whose indexing begins in 1966 (Falagas et al. 
2008). The search was conducted between July 
24, 2024, and January 15, 2025, using the exact 
query strings entered into the Web of Science 
database in English, Portuguese, and Spanish. 
The search strategy consisted of the following 
expression: “Ephemeroptera AND stream* AND 
Altitud* OR Ephemeroptera OR river* AND 
Altitud* OR Ephemeroptera OR rio* AND Altitud* 
OR Ephemeroptera OR córrego* AND Altitud* 
OR Ephemeroptera OR riacho* AND Altitud* 
OR Ephemeroptera OR igarapé* AND Altitud* 
OR Ephemeroptera OR arroyo* AND Altitud*”. A 
second search was performed using the same 
query string:

“Ephemeroptera AND stream* AND Altitud* 
OR Ephemeroptera OR river* AND Altitud* 
OR Ephemeroptera OR rio* AND Altitud* OR 
Ephemeroptera OR córrego* AND Altitud* OR 
Ephemeroptera OR riacho* AND Altitud* OR 
Ephemeroptera OR igarapé* AND Altitud* 
OR Ephemeroptera OR arroyo* AND Altitud*. 
The asterisk was employed to capture all 
lexical variations of “mayfly”, the common 
English designation for insects of the order 
Ephemeroptera. The Boolean operator AND was 
applied, and the “Topical” search option was 
used (Figure S1). The search covered records 
available up to December 2024.

Criteria for inclusion or exclusion of articles
Each article was carefully examined based on 
its title, abstract, objectives, and results. For 
our analysis, we selected studies that met the 
following criteria: (1) included representatives 
of Ephemeroptera; (2) featured at least two 
collection sites with altitudinal variation 
between them; (3) focused on streams as the 
study area; and (4) were scientific articles, 

excluding books, book chapters, and other non-
article publications.

Data extracted from articles
To achieve our objectives, we extracted the 
following information from the selected 
articles: (i) year of publication; (ii) journal of 
publication; (iii) country and biogeographical 
region of the study (determined based on the 
area described in the Methodology); (iv) study 
objectives, categorized as follows: diversity 
and composition vs. environmental factors 
(factors influencing community diversity and 
composition); relationships between altitude 
and community structure (effects of altitude 
on species composition and interactions within 
communities); geographical distribution and 
species composition (spatial analysis of species 
and regional comparisons); environmental 
changes and community responses (community 
responses to environmental changes such 
as pollution, climate change, and land-use 
modifications); (v) keywords; (vi) altitudinal 
variation of collection sites; (vii) taxonomic group 
analyzed (Ephemeroptera; EPT - Ephemeroptera, 
Plecoptera, and Trichoptera community; aquatic 
insects - Ephemeroptera and other aquatic 
insect orders; other groups - Ephemeroptera 
and additional non-insect taxa); (viii) taxonomic 
level analyzed (order, family, genus, or species); 
(ix) Ephemeroptera life stage examined (nymph 
or imago); and (x) number of collection sites 
(categorized into the following intervals: 1-25, 
26-50, 51-100, 101-500, >500).

Data analysis
To analyze the frequency of keywords in the 
articles, we used the online tool WordClouds 
(https://www.wordclouds.com/). The tool 
generated a word cloud in which the size of each 
word corresponds to its frequency, ranging from 
0 to 1 (from the lowest to the highest occurrence).
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To assess the relationship between altitude 
and Ephemeroptera, we used two data sets: 
(1) EXT - composed of information extracted 
from the articles included in the scientometric 
analysis, which consisted of 1,230 streams for 
species richness, 253 streams for genus richness, 
and 335 streams for abundance; and (2) GRI - 
derived from the global study by Grigoropoulou 
et al. (2023), from which we extracted data that 
met the same selection criteria as the first set, 
resulting in 740 streams for species richness and 
59,042 streams for genus richness.

Using these two data sets separately and 
combined, we fitted Generalized Additive Models 
(GAMs; gam function from the mgcv package) to 
examine the relationship between altitude and 
richness or abundance. The default thin-plate 
regression spline was used as the smoothing 
basis for altitude in all models, with smoothing 
parameters estimated by restricted maximum 
likelihood (REML). To account for the non-
independence of observations derived from the 
same publication, as well as methodological 
differences across studies, we included “article 
of origin” as a random effect using a random-
smooth term. Model diagnostics included 
inspection of residual patterns, assessment of 
concurvity, and evaluation of deviance explained 
and adjusted R². Additionally, we employed 
Moving Average Models (using the mutate 
function from the dplyr package) to identify 
trends and capture variations in Ephemeroptera 
richness and abundance along the altitudinal 
gradient. All analyses were conducted in RStudio 
(RCore Team 2022).

RESULTS
General information
We identified 228 articles published in the Web 
of Science that investigated the relationship 
between Ephemeroptera and altitude. Of these, 

154 were excluded based on the pre-established 
criteria, resulting in 74 articles for analysis.

The first publication on this subject dates 
back to 1948. Between 1948 and 1999, 12 articles 
were published, while from 2000 to 2024, there 
was a significant increase in the number of 
studies, with 62 articles published (Figure S2). 
During this period, the year with the highest 
number of publications was 2008 (n = 7), followed 
by 2015 (n = 6). From 2010 onwards, there was a 
slight increase in the annual average number 
of publications, with 2.85 articles per year, 
compared to the period from 2000 to 2009, when 
the average was 2.4 articles per year.

A total of 44 scientific journals published 
articles on the subject. Of these, only 13 
journals published more than one article, 
while the remaining 31 journals contributed a 
single publication each. The journals with the 
highest number of publications addressing 
the relationship between altitude and 
Ephemeroptera were Freshwater Biology (n = 11) 
and Hydrobiologia (n = 5) (Figure S3).

Location and biogeographical context
The majority of studies were conducted in 
countries within the Palearctic (n = 30; 40.5%; 
Figure 1a) and Neotropical (n = 22; 29.7%) 
regions. In the Palearctic, the most frequently 
studied countries were Algeria (n = 6; Figure 1b) 
and Slovakia (n = 4), while in the Neotropical 
region, the most commonly studied countries 
were Ecuador (n = 8), Argentina (n = 8), and Peru 
(n = 4). The Nearctic (n = 3; 4%) and Afrotropical 
(n = 2; 2.7%) regions had the fewest published 
articles, with studies from the United States (n 
= 3), Uganda (n = 1), and Kenya (n = 1). No studies 
were found in the Oceanic or Antarctic regions.

Study approach
In the studies analyzed, the most frequently 
used keyword was “Stream” (28 occurrences), 
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followed by “Invertebrates” (21 occurrences), 
“Ephemeroptera” (18 occurrences), “Impacts” 
(17 occurrences), “Biodiversity” (16 occurrences), 
and “Altitude” (13 occurrences) (Figure S4).

Among the objectives, the majority of 
studies aimed to analyze the influence of 
various environmental factors on the diversity 
and composition of organisms (n = 35) (Figure 
S5). The next most common objectives were to 
examine the relationship between altitude and 
community structure (n = 14) and to investigate 
the geographical distribution and composition 
of species (n = 14). Finally, the responses of 
communities to environmental changes were 
the focus of 11 studies.

Taxonomy resolution
Half of the articles analyzed addressed 
Ephemeroptera  in  con junct ion  wi th 
macroinvertebrates and other animal groups, 
such as birds and fish (n = 37; Figure S6a). 
Among the studies that considered other orders 
of aquatic insects (n = 15), seven focused on 
the EPT group, which includes Plecoptera and 
Trichoptera, while the remaining eight examined 
other insect orders. In total, only 22 of the 
74 articles analyzed focused exclusively on 
Ephemeroptera.Most studies focused on more 
specific taxonomic levels, such as species (n = 

37) and genus (n = 22; Figure S6b). In contrast, 
broader taxonomic levels, such as family (n = 14) 
and order (n = 1), were addressed less frequently. 
The nymph stage was studied in all the articles 
(Figure S7), while the imago stage was not 
examined in isolation but only in conjunction 
with the nymph stage (n = 3).

Sampling data
Most of the studies analyzed used a maximum of 
50 collection points (n = 57; Figure S8), while only 
17 studies included more than 50 points. Among 
these, two studies exceeded 500 collection 
points, with 2,647 and 2,206 points, respectively. 
The altitudes of the sampled sites ranged from 
0 to 5,062 meters, with an average altitude of 731 
meters at the lowest sites and 1,972 meters at 
the highest.

Altitudinal variation and assemblage structure
The individual analysis of each article revealed 
varying patterns. Most studies found a negative 
relationship between altitude and species 
richness (51.7%), genus richness (51.9%), and 
abundance (56.3%; Figure 2). For species richness, 
the least frequent patterns were null (13.8%) 
and positive (13.8%), while for genus richness, 
the least common pattern was positive (11.1%). 

Figure 1. Geographical distribution of articles published by region and country during the analyzed period 
(1948–2024).
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Regarding abundance, no studies reported a 
null relationship.

Using two Ephemeroptera databases, we 
analyzed abundance and taxonomic richness 
data along an altitudinal gradient ranging from 
0 to 5,062 meters. In the dataset extracted from 
the articles used in scientometrics (EXT), species 
richness ranged from 0 to 38, genus richness 
ranged from 0 to 14, and abundance ranged 
from 0 to 3,661 individuals. In the dataset from 
Grigoropoulou et al. (2023; GRI), species richness 
ranged from 0 to 20, while genus richness ranged 
from 0 to 25.

In both datasets, altitude had a significant, 
non-linear effect on Ephemeroptera species 
richness. The different Generalized Additive 
Models (GAM) explained between 10.9% (EXT; Fig. 
3a) and 19.7% (GRI; Fig. 3b) of the variation in 
species richness along the altitudinal gradient. 
The GAM models accounted for between 15% 
(EXT) and 20.2% (GRI) of the variability in the 
data. Analysis using moving average models 
revealed that, for the EXT and EXT + GRI datasets, 
the highest average species richness values were 
recorded between 2,500 and 3,000 meters (Fig. 
4) while altitudes above 3,000 meters exhibited 

the lowest values. In the GRI dataset, which had 
an altitudinal range from 0 to 1,751 meters, the 
highest average species richness was observed 
at altitudes up to 1,000 meters (Fig. 4e).

In all the databases used, altitude had a 
significant, non-linear effect on the richness of 
Ephemeroptera genera. The different Generalized 
Additive Models (GAM) explained between 9.6% 
(EXT; Figure. 3d) and 18.8% (GRI; Figure. 3e) of 
the variation in genus richness along the 
altitudinal gradient. The GAM models accounted 
for between 12.5% (EXT) and 20.4% (GRI) of the 
variability in the data. Analysis using moving 
average models revealed that, for all datasets, 
the two highest peaks in average genus richness 
occurred between 2,500 and 3,000 meters and 
between 1,250 and 1,500 meters (Fig. 4), while 
altitudes above 3,750 meters showed lower 
values.

Altitude had a significant, non-linear effect 
on Ephemeroptera abundance. The Generalized 
Additive Model (GAM) explained 38.7% (Figure. 
5a) of the variation in Ephemeroptera abundance 
along the altitudinal gradient and accounted 
for 53.6% of the variability in the data. Analysis 
using the moving average model revealed that 

Figure 2. Relationship 
between the number 
of articles published 
and the biodiversity 
indicators assessed during 
the analyzed period 
(1948–2024).
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the highest average abundance was recorded 
between 0 and 250 meters, with a peak between 
2,250 and 2,750 meters, while altitudes above 
4,000 meters exhibited lower values (Figure. 5b).

DISCUSSION
General information
Since the 2000s, there has been a significant 
increase in the number of publications examining 
the relationship between Ephemeroptera and 
altitude. This growth reflects an expansion in 
taxonomic and ecological research on the 
group, as well as a broader scientific interest 
in climate-driven changes affecting mountain 
streams. The scarcity of publications prior to 

1999 may be attributed not only to a lack of 
resources, specifically significant logistical 
challenges, high costs associated with remote 
field expeditions, and technological limitations 
(Mellor 2011), but also to the predominant focus 
on other environmental variables, such as 
water quality (e.g., nutrients, dissolved oxygen, 
and conductivity) and land use changes (e.g., 
urbanization and deforestation), which were 
central themes in aquatic ecology throughout 
much of the 20th century (Lenat & Crawford 
1994, Malmqvist & Rundle 2002, De Mendoza & 
Catalan 2010). The gradual increase in the annual 
average of publications post-2010 also coincides 
with increasing recognition of mountain 
streams are particularly vulnerable to warming, 

Figure 3. Relationship between altitude and Ephemeroptera species (a–c) and genus (d–f) richness based on 
Generalized Additive Models (GAM).
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altered hydrological regimes, and changes in 
precipitation patterns (Jacobsen 2008, Lewin et 
al. 2015), reinforcing the ecological relevance of 
studies of altitudinal biodiversity patterns.

The increasing number of publications 
highlights the consolidation of this topic 
across various scientific journals, particularly 
Freshwater Biology and Hydrobiologia, which 
account for the largest share of publications. Both 
journals are recognized as leading references in 
the ecology of aquatic ecosystems, covering not 
only studies on Ephemeroptera but also on other 
taxonomic groups such as macroinvertebrates, 
fish, bryophytes, and diatoms (De Castro et 
al. 2017, Dominguez & Ballesteros Valdez 1992, 
Ormerod et al. 1994). In addition, these journals 

publish research spanning various aspects of 
aquatic biology, including ecology, genetics, and 
physiology (Loayza-Muro et al. 2013, Rostgaard 
& Jacobsen 2005, Sylvestre & Bailey 2005). 
This thematic diversity reflects their capacity 
to address both specific topics related to the 
ecology of Ephemeroptera (e.g. Espinosa et al. 
2023) and broader themes concerning aquatic 
ecosystems.

In contrast, journals with a more specialized 
focus, such as ZooKeys and Austral Entomology, 
contain fewer publications on this subject. 
This can be attributed to their narrower scope, 
which often restricts their focus to specific 
geographical regions or less interdisciplinary 
topics. This distinction underscores the central 

Figure 4. Average Ephemeroptera species (a-c) and genus (d-f) richness along the altitudinal gradient based 
on moving average models.
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role of generalist journals in fostering broad, 
integrative studies on the relationship between 
altitude and aquatic biodiversity.

Location and biogeographical context
Publications on Ephemeroptera have been 
predominantly concentrated in the Neotropical 
and Palearctic regions, a pattern that can be 
attributed to the vast geographical extent of these 
areas, their rich biodiversity, and the availability 
of mountainous aquatic environments. The 
Palearctic region, encompassing all of Europe, 
North Africa, and parts of Asia and the Middle 
East, has a longstanding tradition of ecological 
research and substantial investment in scientific 
studies, particularly in European countries. 

Similarly, the Neotropical region, which includes 
all of South and Central America and part of 
North America (Olson et al. 2001), is notable 
for hosting major mountain ranges, such as 
the Andes, which provide ideal conditions for 
biodiversity studies along altitudinal gradients 
(Vetaas 2021). Although the Nearctic has active 
Ephemeroptera research groups (e.g., Mayfly 
Central at Purdue University; IUCN SSC Mayfly, 
Stonefly and Caddisfly Specialist Group), few 
studies explicitly address altitudinal gradients, 
which likely explains its low representation in 
our dataset.

This spatial concentration of research 
has important implications for the observed 
global patterns. Since most studies in the 

Figure 5. a- Relationship between altitude and Ephemeroptera abundance based on Generalized Additive Models 
(GAM); b- Average abundance along the altitudinal gradient based on moving average models.
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Palearctic and Neotropical regions focus on 
low-and mid-elevation streams, overall trends 
in our synthesis may be disproportionately 
influenced by these environments. In contrast, 
the Afrotropical, Oriental, and Australasian 
regions are underrepresented, often due 
to logistical constraints, limited funding, or 
restricted access to montane areas. This results 
in fewer studies examining high-elevation 
systems (Bauernfeind & Soldan 2012, Jacobsen 
& Dangles, 2017). Consequently, altitudinal 
responses characteristic of tropical mountain 
regions, including potential high-elevation 
assemblages or steeper richness declines, may 
be underrepresented in global assessments. 
Expanding research efforts in these understudied 
areas is essential for refining the worldwide 
understanding of Ephemeroptera responses to 
elevation.

Study approach
The analysis of keywords revealed key insights 
into the predominant themes and approaches 
of the studies examined. The high frequency of 
the terms Stream and Invertebrates reflects the 
research context, indicating that most studies 
were conducted in stream environments with a 
primary focus on aquatic invertebrates (Oliveira-
Junior et al. 2022). Similarly, the prevalence of 
the terms Biodiversity and Impacts as keywords 
suggests that many studies aimed to assess 
the effects of various environmental factors on 
stream biodiversity (Wang et al. 2023). Aquatic 
invertebrates are widely used as bioindicators 
of water quality and ecosystem health, with 
Ephemeroptera being particularly common 
bioindicators in studies on lotic environments 
(Restello et al. 2024). The frequent occurrence of 
the terms Ephemeroptera and Altitude directly 
reflects the scope of this study, which seeks 
to understand how altitude influences the 
distribution and diversity of this order. Other 

studies investigating the relationship between 
environmental variables and biological groups 
have also identified keywords directly related 
to their research focus as among the most 
frequent (Wang et al. 2023). This underscores 
the importance of carefully selecting keywords 
when indexing scientific articles, as it facilitates 
information retrieval in databases and enhances 
the visibility of research.

The objectives of the analyzed studies align 
closely with the trends observed in the most 
frequent keywords. Most studies focused on 
assessing the influence of environmental factors 
on the structuring of aquatic invertebrate 
communities. This approach is consistent with 
existing literature, which highlights the role of 
both internal factors (e.g., physical and chemical 
characteristics of streams) and external factors 
(e.g., land use and climate change) in shaping 
these communities (Brasil et al. 2020, De Castro 
et al. 2017, Fathi et al. 2022, Min & Kong 2020). 
Among the various environmental factors 
examined, altitude stands out due to its indirect 
influence on a range of ecological variables 
at local and regional scales (Jacobsen 2008, 
Körner 2007). For instance, altitudinal variation 
affects temperature, water oxygenation, nutrient 
availability, and water flow, all of which play a 
crucial role in determining the composition and 
diversity of aquatic communities (Bonacina et 
al. 2023, Calapez et al. 2017). Furthermore, the 
presence of studies investigating how these 
communities respond to environmental changes 
underscores the importance of understanding 
anthropogenic impacts on aquatic ecosystems. 
This topic has gained increasing attention in 
recent decades, particularly in light of growing 
human pressures such as deforestation, 
pollution, and alterations to water regimes 
(Jaureguiberry et al. 2022).
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Taxonomy resolution
Although the analyzed articles focus on the order 
Ephemeroptera, most also examine the group 
alongside other organisms, particularly benthic 
macroinvertebrates. This integrated approach 
is widely employed in ecological studies due 
to the characteristics of macroinvertebrates, 
such as the simplicity of sampling equipment, 
ease of sample processing, and the low 
mobility of these organisms (Kenney et al. 
2009). Consequently, macroinvertebrates are 
frequently used to assess water quality, as they 
respond rapidly to environmental changes and 
serve as reliable bioindicators (Orozco-González 
& Ocasio-Torres 2023, Ruaro et al. 2016). In 
the case of Ephemeroptera, nymphs are often 
studied in association with representatives of 
the orders Plecoptera and Trichoptera, forming 
the group known as EPT, which is widely used 
in biomonitoring studies due to its sensitivity 
to environmental changes (Souza et al. 2024). 
In most of the studies analyzed, organisms 
were identified at the genus or species level, 
reflecting advances in the development of 
identification keys for Ephemeroptera across 
different regions (e.g. Bauernfeind & Soldan 2012, 
Domínguez et al. 2006, Edmunds, Jr et al. 1963, 
1976, Elliot et al. 1988, Macan 1979, Salles et al. 
2018). These tools have facilitated more precise 
identification, contributing to the refinement of 
ecological studies. However, caution is needed, 
as species-level identification based on nymphs 
is only possible for a limited number of families, 
meaning that many taxa cannot be reliably 
resolved beyond the genus or even family level. 
In regions where taxonomic knowledge remains 
limited, such as Australasia, the Indomalayan 
realm, and certain Neotropical countries, studies 
are often restricted to broader taxonomic levels, 
such as family or order (Barber-James et al. 
2008, Sartori & Brittain 2015). This variation 
in taxonomic resolution can significantly 

influence results, as it affects the accuracy of 
ecological analyses (Valente-Neto et al. 2016). 
Additionally, the higher number of studies 
identifying organisms at finer taxonomic levels 
may reflect a bias introduced by the keywords 
used in our search, given that distinguishing 
macroinvertebrates at the genus or species level 
requires advanced technical expertise (Hauer 
& Resh 2017). Furthermore, the identification of 
Ephemeroptera individuals is often challenged 
by two main factors: the loss of key morphological 
structures during collection and preservation, 
and the fact that most taxonomic keys are 
developed for mature or late-instar nymphs, 
which complicates the accurate assignment 
of younger instars (Bauernfeind & Moog 2000, 
Brito et al. 2018, Salles et al. 2018).

Most of the analyzed articles focused on the 
nymph stage, while few examined the adult stage. 
This imbalance is partly due to the difficulty 
of locating adult Ephemeroptera individuals. 
Moreover, although mayfly systematics is 
traditionally based on adult morphology, 
Baetidae, one of the most species-rich and 
ecologically dominant groups of Ephemeroptera 
in streams, is often difficult to identify at this 
stage because taxonomic knowledge is based on 
nymphs. This results in a preference for nymphs 
in ecological studies (Burian 2019). Nymphs play 
essential ecological roles in aquatic ecosystems 
and represent the dominant stage of the life 
cycle (Da-Silva & Salles 2024, Jacobus et al. 2019). 
In contrast, adults are short-lived and primarily 
serve a reproductive function (Da-Silva & Salles 
2024). Dias et al. (2011) highlight the frequent 
lack of association between nymph and adult 
stages in taxonomic descriptions, which are 
often based only on the adult stage. This study 
supports the findings of Shimano et al. (2013), 
who also identified a considerable number of 
articles focusing exclusively on the nymph stage.
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Sampling data
Although most studies analyzed fewer than 50 
collection sites, the predominance of studies 
with smaller sample areas may be attributed 
to financial and time constraints, which are 
key factors in determining sample sizes in 
biological research (Eckblad 1991). Additionally, 
there may be a tendency to conduct studies on 
a smaller spatial scale, focusing on local rather 
than regional patterns that encompass broader 
geographical areas. The choice of study scales 
can directly influence the observed results, a 
phenomenon known as scale dependence 
(Hobbs 2003, Mod et al. 2020).

The studies analyzed exhibited a broad 
altitudinal range (0–5,062 m), with mean values 
ranging from 731 to 1,972 m and a median of 
1,392 m. This variation can be attributed to 
the heterogeneity of the altitudinal gradients 
examined across different studies. For 
example, Dos Santos et al. (2018) evaluated 
extensive altitudinal gradients (1–4,320 m), 
while Odhiambo et al. (2024) focused on more 
restricted altitudinal ranges (1,786–2,149 m). A 
notable proportion of the articles analyzed were 
conducted in environments at altitudes above 
3,000 m (20.2%), classified as “high altitude” 
(Jacobsen & Dangles 2017). This altitudinal 
range is commonly studied in mountain aquatic 
environments due to its extreme conditions and 
its relevance as a model for investigating the 
impacts of climate change and anthropogenic 
activities (Füreder et al. 2006). However, most 
studies were conducted at intermediate (1,500–
3,000 m) or low (1–1,500 m) altitudes, due to 
the logistical challenges of working in high-
altitude regions. Researchers collecting data 
in these areas often face obstacles such as 
respiratory and physiological issues, difficulties 
in transporting equipment, and unpredictable 
weather conditions (Rivera-Ch et al. 2008). 
This uneven distribution of studies along the 

altitudinal gradient underscores the need to 
expand research into underexplored regions, 
particularly those between 3,000 and 4,500 
m, where there are fewer sampling points. 
Additionally, few studies have conducted long-
term sampling (Fathi et al. 2022, Scheibler et al. 
2014). Future research should consider not only 
the extent of the altitudinal gradient but also the 
temporal resolution of sampling to capture more 
comprehensive and representative ecological 
patterns.

Altitudinal variation and assemblage structure
Analysis of the patterns observed in the studies 
revealed varying relationships between altitude 
and the Ephemeroptera metrics tested. Most 
studies (51.7%) indicated a negative correlation 
between altitude and species richness, genus 
richness (51.9%), and abundance (56.3%), 
suggesting that higher-altitude environments 
tend to have lower diversity and fewer 
individuals of these organisms. This trend can be 
explained by the more extreme environmental 
conditions at higher altitudes, including lower 
temperatures, reduced food availability, and 
limited land area (Birrell et al. 2020). However, 
in our study, these effects may be obscured 
by strong latitudinal variation in temperature 
and seasonality. This variation interacts with 
elevation and can modify the expected richness 
patterns. Less frequent patterns, such as null, 
intermediate, or positive relationships, were 
also observed, highlighting the complexity of the 
interactions between altitude and biodiversity. 
These divergent results can be attributed to 
local variations in altitudinal gradients, such 
as specific microclimates or differences in 
habitat structure (Chiu et al. 2020). Moreover, 
factors like environmental heterogeneity and 
local adaptation may enable some species to 
thrive at high altitudes, challenging the general 
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expectation of decreasing biodiversity with 
increasing altitude (Jacobsen 2003).

The considerable variation in the patterns 
observed between altitude and Ephemeroptera 
in the studies evaluated underscores the 
importance of employing an integrated approach 
to data analysis. By using Generalized Additive 
Models (GAM) and moving average models, more 
robust and consistent trends were identified. 
The results revealed that altitude significantly 
affects the taxonomic richness and abundance 
of Ephemeroptera. For abundance (EXT) and 
species and genus richness data from the GRI 
database, the highest values were recorded at 
lower altitudes. These streams typically have 
higher temperatures (Jacobsen 2020), which 
lead to increased primary productivity and 
higher decomposition rates (Dodds et al. 2019, 
Raich et al. 1997). These factors contribute to a 
greater availability of food resources, such as 
detritus and periphyton, which are essential for 
the predominantly herbivorous Ephemeroptera 
nymphs (Sartori & Brittain 2015). Consequently, 
warmer environments with a higher supply of 
organic matter support greater species diversity. 
In contrast, at higher altitudes, environmental 
conditions become more extreme, limiting the 
presence of only specialist organisms that are 
adapted to such conditions (Jacobsen et al. 
2003).

When we conducted the analyses using 
the EXT databases and the combined EXT+GRI 
databases, both species and genus richness 
showed non-linear responses to elevation, with 
peaks at intermediate altitudes (2,500–3,000 
m). This pattern is consistent with ecological 
conditions typically found in mid-elevation 
transition zones, where moderate temperatures, 
greater habitat heterogeneity, and balanced 
resource availability (e.g. allochthonous inputs, 
periphyton production) can enhance niche 
diversification (Körner 2007, Jacobsen 2008). 

Such environments also experience intermediate 
levels of environmental variation, aligns with 
the Intermediate Disturbance Hypothesis, as 
moderate fluctuations in temperature, flow and 
nutrient levels can reduce competitive exclusion 
and enhance coexistence (Connell 1978, Siegloch 
et al. 2008, Souza et al. 2011). Additionally, the 
observed pattern may reflect a mid-domain 
effect, whereby the overlapping elevational 
ranges of taxa with different physiological 
tolerances result in higher richness in the middle 
of the gradient (Colwell & Lees 2000, Colwell 
et al. 2004). This mechanism is particularly 
evident in the tropical Andes, where the South 
American Transition Zone brings together two 
major biogeographical realms, increasing faunal 
overlap at mid-elevations (Morrone 2015). 
However, the ecological meaning of intermediate 
altitude varies strongly with latitude. For 
example, at ~26°S, 2,500 m corresponds to cold 
high-Andean conditions, whereas near the 
equator the same elevation represents warm 
and humid montane forests. Thus, the richness 
peak detected here likely reflects the combined 
effects of elevation and latitude.

Although altitude showed statistical 
significance, the relatively low deviance 
explained by the GAM models suggests that other 
environmental factors also play a crucial role 
in the observed variation in the distribution of 
Ephemeroptera. In addition to altitude, variables 
such as pH, water temperature, flow velocity, 
dissolved oxygen, and light availability are key 
determinants in the distribution of aquatic 
organisms (Beschta 1997, Garner et al. 2017, Hamid 
et al. 2020, Kalny et al. 2017, Vannote et al. 1980, 
Tadesse et al. 2004). These factors often interact 
with each other, creating specific conditions 
that can either favor or limit the presence of 
species at different altitudes. For instance, water 
temperature, which decreases with increasing 
altitude, directly affects the metabolic rate of 
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organisms and the availability of food resources, 
such as detritus and periphyton (Bonacina et 
al. 2023). Similarly, dissolved oxygen generally 
increases at higher altitudes due to lower water 
temperatures, but this effect is counterbalanced 
by the decline in atmospheric pressure, which 
limits gas diffusion into the water column 
(Jacobsen 2008). Consequently, only species 
that are physiologically adapted to these 
contrasting conditions tend to persist in high-
elevation streams (Calapez et al. 2017). Flow 
velocity and pH also influence the structure of 
aquatic communities, affecting processes such 
as larval dispersal and habitat colonization 
(Calapez et al. 2017). Therefore, while altitude 
remains an important factor, its influence 
should be considered together with other 
environmental variables, such as temperature, 
pH, dissolved oxygen, flow, and habitat 
structure (Da Costa Siqueira & Rocha 2013), 
as well as latitude, which strongly modulates 
thermal regimes and the ecological meaning 
of a given elevation (Sundqvist et al. 2013). 
Considering these interacting drivers provides 
a more comprehensive understanding of the 
mechanisms that regulate the distribution of 
Ephemeroptera along altitudinal gradients.

CONCLUSIONS
This study offers a comprehensive analysis 
of the relationship between altitude and 
Ephemeroptera diversity, revealing important 
patterns while also identifying significant gaps 
in current knowledge. The underrepresentation 
of certain biogeographical regions, such as 
the Afrotropical, Oriental and Australasian 
realms reflects significant geographical gaps, 
as these areas harbor montane streams where 
Ephemeroptera remain insufficiently studied. 
Additionally, the predominant focus on the nymph 
stage underscores the importance of expanding 

sampling across underrepresented regions 
and ecological contexts in future research. To 
provide a more holistic understanding of the 
factors shaping Ephemeroptera distribution 
and biodiversity, future efforts should focus 
on expanding the sampling effort into poorly 
documented altitudinal zones and under 
sampled biogeographical regions. Furthermore, 
examining different life stages, particularly 
adults, is critical for accurately assessing 
dispersal dynamics, and incorporating a wider 
variety of aquatic habitats (e.g., lentic systems) 
will be essential.

When analyzed separately, most studies 
indicated a negative relationship between 
altitude and richness (species and genus) and 
abundance, suggesting that higher altitude 
environments tend to support lower diversity. 
However, the GAM and moving average 
models revealed divergent patterns, with 
peaks in richness and abundance observed 
at both low and intermediate altitudes. These 
findings reinforce the complexity of the 
interactions between environmental factors 
and Ephemeroptera assemblages. Furthermore, 
interactions between elevation and latitude 
play a key role in shaping assemblage structure 
because, as environmental factors change 
markedly across latitudinal zones at a given 
altitude. This underscores the importance of 
a more nuanced interpretation that considers 
altitude alongside latitude and other ecological 
factors.

These results emphasize the importance of 
considering a broader range of environmental 
variables (e.g., pH, temperature, water velocity, 
and dissolved oxygen) and latitude to gain a 
more comprehensive understanding of the 
effects of altitudinal gradients on Ephemeroptera 
communities. By accounting for these additional 
factors, we can better elucidate the complex 
interactions that shape the distribution and 
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diversity of Ephemeroptera along altitudinal 
gradients.
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