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Abstract
Glacier retreat is rapidly transforming cryospheric landscapes with new pond networks 
establishing in deglaciated landscapes. However, our understanding of the aquatic biodi-
versity within these rapidly evolving landscapes has been limited, especially in southern 
Patagonia despite having the largest temperate icefields globally. We examined the aquatic 
macroinvertebrate diversity in paraglacial forest and proglacial ponds at the snout of the 
Exploradores Glacier (Southern Patagonia, Chile) and assessed the environmental factors 
influencing taxonomic richness and community composition. Alpha and estimated gam-
ma diversity were significantly higher in periglacial forest ponds compared to proglacial 
ponds. Clear differences in macroinvertebrate community composition were recorded be-
tween paraglacial and proglacial ponds. Taxonomic turnover explained most of the varia-
tion in community composition with Trichoptera and Diptera taxa constituting a greater 
proportion of taxonomic richness in proglacial ponds, while Coleoptera and Hemiptera 
taxa represented a higher proportion of taxa in paraglacial forest than proglacial ponds. 
When taxa-environment relationships were examined, a significant negative association 
was recorded between dissolved oxygen and taxonomic richness. Sodium concentrations 
were also found to be negatively associated with LCBD. This study provides vital evi-
dence that ponds formed naturally due to deglaciation can support a wide diversity of 
aquatic macroinvertebrates, and as glacial retreat continues and landscapes transition from 
glacial to paraglacial, pond habitats represent increasingly important freshwater habitats 
at the landscape scale. Future research is critical to advance understanding of proglacial 
and paraglacial pond networks to provide the underpinning information needed to raise 
awareness to support the conservation of these unique habitats.

Keywords  Beta-diversity · Environment relationships · Freshwater conservation · 
Glacial habitats · Ponds
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Introduction

Understanding how climate change, and particularly glacier retreat, affect freshwater biodi-
versity patterns in cryospheric environments represents an emerging but growing challenge 
(Losapio et al. 2025). Currently, 10% of the earth’s land surface is covered by glaciers, but 
recent estimates have highlighted a global decline of glacier mass loss of 259 ± 28 Gt y−1 
between 2003 and 2009 (Gardner et al. 2013), with losses predicted to increase consider-
ably by 2100 (Clarke et al. 2015). Glacier loss is a primary threat to freshwater biodiversity 
in crysopheric regions worldwide, but only recently has ecological interest in post glacial 
environments increased (Cauvy-Fraunié et al. 2019). However, to date almost all studies 
have focussed on lake (Feiner et al. 2016; Miserendino et al. 2023) and river systems (Pit-
man et al. 2021; Brown et al. 2018; Lencioni 2018; Cauvy-fraunie et al. 2015) with very few 
examining pond habitats.

Highly specialised communities and endemic species are often recorded from glacial 
lotic systems (Muhlfeld et al. 2020; Lencioni and Marziali 2005), and glacier retreat has 
been shown to cause alterations to macroinvertebrate composition associated with reduc-
tions in specialised stenothermal species in lotic systems (Wilkes et al. 2023; Muhlfeld et 
al. 2011). While increased deglaciation and warmer water temperatures can result in a loss 
of stenothermal specialists, some studies have recorded an overall increase in macroinver-
tebrate diversity within deglaciating rivers, as the changing environmental conditions (e.g., 
increasing water temperatures, higher resource availability) facilitate the upstream colonisa-
tion of different, more generalist macroinvertebrate taxa (e.g., Ephemeroptera, Plecoptera 
and Trichoptera: Milner et al. 2001; Jacobsen et al. 2014; Miserendino et al. 2018). As a 
result, alpha diversity (reach scale) among glacial rivers will likely increase but gamma 
diversity (regional scale) may decrease due to the loss of specialist macroinvertebrate taxa 
(Miserendino et al. 2018).

As glaciers retreat, supra-glacial ponds often form on or adjacent to glacier termini (Len-
cioni et al. 2021). Over time new ponds form as glaciers continue to retreat, and the older 
ponds may become isolated and increasingly distant from the influence of the glacier and its 
meltwater. Within Patagonia, these older paraglacial ponds are often surrounded by forest 
landscapes (Manzo et al. 2019), reflecting the low altitude and maritime climate (Wilson et 
al. 2018), whilst in other glacial environments such as the European Alps, they can be situ-
ated in poorly vegetated catchments (Catalan et al. 2009). Recent research on glacial ponds 
in alpine environments have found them to support limited biodiversity, often being domi-
nated by one or two taxa such as Chironomidae larvae, reflecting the harsh environmental 
conditions present (Chertoprud et al. 2017; Gobbi and Lencioni 2021; Lencioni et al. 2021; 
Debiasi et al. 2022). However, other studies have reported that high-altitude/glacial ponds 
can provide unique habitats that support diverse macroinvertebrate fauna including Hemip-
tera, Coleoptera and Trichoptera (Oertli et al. 2008; Hill et al. 2021).

Ponds located within paraglacial landscapes may experience less harsh environmental 
conditions that enable more complex ecological communities to develop (Wissinger et al. 
2016), although research on these ponds has been limited. Hamerlik et al. (2014) examined 
the biodiversity of high-altitude ponds and lakes in the Tatra Mountains, Slovakia, and found 
that ponds supported a similar regional diversity to high altitude lakes, but a lower local 
diversity. In the same study, high altitude ponds also recorded greater species turnover than 
lakes, attributed to the high environmental heterogeneity recorded among the high-altitude 
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ponds (Hamerlik et al. 2014). While the effects of deglaciation on macroinvertebrate com-
munities in streams have been studied (Brighenti et al. 2019), to the best of our knowledge 
no studies have examined the environmental conditions and macroinvertebrate communities 
in ponds as the landscape transitions from a glacial to paraglacial environment.

In line with global trends, glaciers in the Andes have retreated and thinned significantly 
since the end of the Little Ice Age (LIA: 1400–1850). In Southern Patagonia (45°–55°S), 
which contains the largest concentrations of ice mass in the southern hemisphere, ice extents 
since the LIA maximum have been reduced by 10% since the start of the 21 st Century, 
which is equivalent to a loss of 0.47 km2 a−1 (Carrivick et al. 2024). This trend has acceler-
ated over recent decades with geodetic measurements for this region revealing glacial losses 
of 0.78 ± 0.25 m w.e. per year between 2000 and 2018 (Dussaillant et al. 2019). This reduc-
tion in glacial extent is in response to climatic warming and spatially variable changes in 
precipitation (Villalba et al. 2003; Garreaud et al. 2013) and has given rise to new and exten-
sive paraglacial environments. These environments, in many cases, have been occupied by 
glacial lakes which have formed in the over-deepened basins left behind by the retreating 
ice. In 2016, it was estimated that a total of 3,889 glacial lakes had developed in Southern 
Patagonia impounded by either moraine-, rock-bar- or ice-dams (Wilson et al. 2018). How-
ever, there are also many supra-glacial ponds that have established on the surface of the 
termini of Patagonian glaciers in response to enhanced melting. Given that lake abundance 
scales with size (Cael and Seekell 2016), small temporal or permanent pools and ponds may 
be an order of magnitude more abundant.

With glacier retreat in Southern Patagonia predicted to continue into the future (Bravo 
et al. 2021) and given the paucity of ecological information on glacial and post-glacial 
lentic waterbodies globally, this study aims to examine the aquatic macroinvertebrate diver-
sity supported in paraglacial forest and proglacial ponds at the Exploradores glacier snout 
(Patagonia, Chile). Specifically, we sought to (i) quantify the macroinvertebrate richness 
supported in proglacial ponds and paraglacial forest ponds, (ii) examine the compositional 
variation in proglacial ponds and paraglacial forest ponds and (iii) assess the environmental 
factors influencing taxonomic richness and community composition.

Methods

Study area

An outlet of the Northern Patagonian Icefield, Exploradores Glacier (46.528°S, 73.184°W; 
Patagonia, Chile) is located in the Aysén Region of Chilean Patagonia and has a surface 
area of approximately 85.9 km2 (RGI 7.0 Consortium, 2023). Unlike other glaciers in the 
surrounding area that have responded to recent climate change by retreating considerably 
(Minowa et al. 2021), the terminus of Exploradores Glacier has retreated only marginally 
and instead has exhibited static downwasting of ~ 0.5 m a−1 since 2000 (Dussaillant et al. 
2019; Irarrazaval et al. 2022). This thinning has resulted in the development of numerous 
glacial lakes/ponds both on the surface and along the periphery of the glacier snout that are 
increasing in both size and number (Fig. 1). This study focusses on ponds (defined here as 
lentic waterbodies between 1 m2 and 2 ha: Pond Conservation Group 1993) located near 
to or on the snout of Exploradores Glacier which extends at a low gradient (< 1°) down to 
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Fig. 1  Location of the 20 surveyed paraglacial forest (15) and proglacial ponds (5) across the Parc Nacio-
nal Laguna San Raphael and its location in relation to Chile (a) (blue circles = paraglacial forest ponds, 
red circles = proglacial pond). Photos of proglacial (b and c) and paraglacial forest ponds (d and e) 
sampled in this study (photos taken in January 2020 by Matthew J Hill).
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̴ 150 m.a.s.l. The glacier snout terminates adjacent to a large terminal moraine that is now 
extensively vegetated by native forest comprised of Southern Beeches including Nothofa-
gus antartica, N. dombeyi and N. nitida (Luebert and Pliscoff 2019). The wider Explora-
dores basin exists in a cold temperate and humid climate with mean annual air temperatures 
of 9.1 °C (Bañales-Seguel et al 2020). Air temperatures on the glacier snout itself rarely 
fall below 0 °C (Irarrazaval et al 2022). This area is also characterised by large amounts 
of year-round precipitation, with annual totals of 2,000-3,000 mm (Aniya et al. 2007). The 
20 ponds chosen were selected based on their accessibility and to ensure a wide gradient 
of connectivity and age as possible (Fig. 1). All ponds were formed naturally, perennial 
(holding water throughout the year) and were located 150–230 m.a.s.l. The ponds studied 
were divided into two groups (i) paraglacial forest ponds (n = 15), located in forested areas 
directly surrounding the Exploradores glacier, and (ii) proglacial ponds (n = 5), located at 
the snout of the glacier. The uneven sample number among proglacial and paraglacial ponds 
represents the dynamic nature of glacial retreat, and is representative of the deglaciating 
landscape studied here. Environmental and macroinvertebrate data collection in each study 
ponds was undertaken at the same time in January 2020.

Environmental data collection

At each pond site, pH, conductivity, dissolved oxygen and water temperature were recorded 
using a YSI ProDSS muli-parameter probe. Total nitrogen (TN) and total phosphorus (TP) 
were analyzed by digestion of unfiltered samples, using potassium persulfate followed by 
colorimetric analysis (APHA 2005). Dissolved silica (dSi) was analyzed using a modified 
molybdo-silicate method, with metal-sulfide as the reducing agent (following methodology 
described by Strickland and Parsons 1968). Alkalinity was determined by titration with HCl 
to colorimetric endpoint (APHA 2005). Major ions were analyzed by a DionexTM ICS-
5000 ion chromatograph with eluent generation. In addition, altitude (m.a.s.l) and surface 
area (m2) were recorded. A visual estimation of the percentage of pond margin overhung 
(shaded) by trees, percentage coverage of submerged, emergent and floating macrophytes, 
percentage coverage of different substrates (sand, clay/silt, decomposing leaves and twigs, 
coarse organic debris, gravel, pebbles and glacial till) was made at each pond site. In addi-
tion, water samples (2 × 265 ml) were taken at each pond site using a syringe, with filtration 
in the field (Nitrocellulose 0.45um pore size) and maintained cool/shaded until transport 
to the laboratory. Pond connectivity (the number of other waterbodies within 500 m of the 
pond) was calculated using aerial imagery (Google Earth 2022).

Macroinvertebrate data collection

Aquatic macroinvertebrate (larvae and adults) sampling was undertaken following the 
Freshwater Habitats Trust Pond Survey methods (Biggs et al. 1998). At each site, aquatic 
macroinvertebrates were sampled for a total of three minutes using a sweep technique with 
a standard pond net (1 mm mesh bag). The three minutes sampling time was divided equally 
between all mesohabitats present in each pond (e.g., submerged macrophytes, woody debris, 
emergent macrophytes, floating macrophytes, decomposing leaves, open water). However, 
where one mesohabitat dominated the pond, sampling time was further divided to reflect 
this (see Biggs et al. 1998). Complete access for some ponds was not possible, so meso-
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habitats were characterised based on accessible sections of those ponds. In addition, an 
inspection of surfaces that could not be sampled with the pond net (e.g., under large rocks 
and boulders) was undertaken for a total 60 s to ensure all available habitats were sampled 
for aquatic macroinvertebrates. Macroinvertebrate samples from each mesohabitat were 
pooled to create one sample per pond site, placed into plastic zip lock bags and preserved 
in the field in 70% ethanol. Samples were stored in a cold room prior to processing. In the 
laboratory, macroinvertebrate samples were processed and identified to the lowest possible 
taxonomic classification, with most taxa identified to family or genus level (Hamada et al. 
2019; Domínguez & Fernández 2009; Stark et al. 2009). Macrozooplankton, principally 
Cladocera, were included, since they were larger than most early instar insect invertebrates 
(esp. Chironomidae), and where present were often dominant.

Statistical analysis

All statistical analyses were undertaken in the R environment (R Development Core Team 
2025). Analysis was undertaken using species-abundance data, and one proglacial pond site 
was removed from the multivariate and regression analyses outlined below as it recorded 
0 species.

Environmental characteristics

Preliminary Shapiro-Willk tests were undertaken to test for normality in the environmental 
data (Shapiro–Wilk test results are presented in Table S1). Mann–Whitney U or One-Way 
ANOVA tests were undertaken to examine the statistical differences in environmental char-
acteristics between proglacial and paraglacial forest ponds (Table S1). Variation in environ-
mental characteristics (based on the Euclidean distance) between proglacial and paraglacial 
forest ponds were visualised using Non-metric Multidimensional Scaling (NMDS), using 
the metaMDS function in the vegan package. To examine if differences in environmen-
tal conditions were statistically significant, a permutational analysis of variance (PER-
MANOVA) was undertaken using the function adonis2 in the vegan package. Heterogeneity 
of environmental conditions within paraglacial forest and proglacial ponds were quantified 
by calculating the homogeneity of multivariate dispersions using the betadisper function in 
vegan, and statistically compared using a One-Way Analysis of Variance (ANOVA). Prior to 
environmental NMDS, PERMANOVA and homogeneity of multivariate dispersion analy-
sis, environmental characteristics were standardised (where each environmental parameter 
recorded a zero mean and unit variance).

Alpha and gamma diversity

Alpha diversity is defined here as the total taxonomic richness within each pond sample 
site (Hill et al. 2022). To account for differences in sample size, rarefaction was undertaken 
using the function rrarefy in the vegan package to generate an expected taxonomic richness 
for each site (Oksanen et al. 2025). Rrarefy generates a randomly rarefied community value 
for each sample site based on a given sample size (Oksanen et al. 2025), which in this study 
was based on 100 individuals. Preliminary analyses indicated that the taxonomic richness 
data did not follow a normal distribution (Shapiro–Wilk test: W = 0.895, p = 0.034), and as a 
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result Mann–Whitney U tests were employed to examine the statistical differences in alpha 
diversity (taxonomic richness) and rarefied richness between proglacial and paraglacial for-
est ponds. Gamma diversity is defined here as the total number of aquatic macroinvertebrate 
taxa recorded among proglacial and paraglacial forest pond sites. Estimated gamma diver-
sity was calculated based on the Chao2 estimator using the specpool function in the vegan 
package, which uses the number of uncommonly occurring taxa in a sample to estimate the 
number of undiscovered species (see Oksanen et al. 2025). If there was no overlap in the 
estimated gamma diversity 95% confidence intervals for proglacial and paraglacial forest 
ponds, the differences were considered significant (p < 0.05).

Macroinvertebrate community composition

Differences in aquatic macroinvertebrate composition between proglacial and paraglacial 
forest ponds were visualised using NMDS, using the metaMDS function in the vegan pack-
age. The Bray Curtis dissimilarity index was employed for the macroinvertebrate NMDS. 
To examine if differences in macroinvertebrate composition were statistically significant, 
PERMANOVA was undertaken using the function adonis in the vegan package. Heteroge-
neity of macroinvertebrate composition within paraglacial forest and proglacial ponds was 
quantified by calculating the homogeneity of multivariate dispersions using the betadisper 
function in vegan and statistically compared using a One-Way ANOVA. Indicator Value 
Analysis was undertaken to identify indicator macroinvertebrate taxa associated with para-
glacial forest or proglacial ponds using the function multipatt in the indicspecies package 
(De Caceres et al. 2024). Indicator value analysis measures the association between a taxa 
and a ‘group’ and is a product of two components: specificity (the uniqueness of a taxa to 
a given group of sites) and fidelity (the extent to which a species occurs across all sites in a 
group) (Legendre 2024).

Total beta-diversity (defined here as the variation in macroinvertebrate composition 
among the studied ponds sites), and the contribution of species replacement and richness 
difference were calculated for the entire dataset (based on the Baselga family, Jaccard based 
indices), and for paraglacial forest and proglacial ponds separately using the beta.div.comp 
function in the adespatial package (Dray et al. 2022). The Local Contribution to Beta Diver-
sity (LCBD) metric quantifies the ecological uniqueness of each site, with high values for a 
given site indicative of high dissimilarity to other sites in the region (Hill et al. 2021). The 
Local Contribution to Beta Diversity (LCBD: based on the Hellinger distance, and Baselga 
Jaccard indices) was calculated for each site across the entire dataset and for paraglacial for-
est and proglacial ponds separately, and were statistically tested using random, independent 
permutations within the community matrix (Legendre & Cáceres 2013). The function beta.
div and beta.div.comp in the adespatial package were used to calculate LCBD (Legendre & 
De Cáceres 2013).

Species-environment relationships

Prior to redundancy and regression-based analysis, the covariance of all environmental vari-
ables was assessed using Pearsons correlation coefficients. One independent variable was 
removed from further analysis where any two were correlated ρ ≥ 0.70, with the most eco-
logically meaningful variable retained. This resulted in several correlated variables being 

1 3

Page 7 of 22     47 



Biodiversity and Conservation           (2026) 35:47 

removed: Magnesium, Potassium, Calcium, Sulphate, Chloride, dissolved silica, pond con-
nectivity, percentage coverage of pebbles, altitude, depth, emergent macrophyte and per-
centage of water overhung. Variance Inflation Factor analysis (VIF: using the function vif 
in the car package; Fox, et al. 2021) was undertaken to minimise multicollinearity among 
the remaining environmental variables. Using a stepwise procedure, VIF values were cal-
culated for each environmental variable, with the variable with the highest value being 
removed. The procedure was repeated until all VIF values were 5 or less (Hill et al. 2022) 
with alkalinity, Total Nitrogen, Conductivity, and water temperature subsequently removed. 
pH, TP, Fluoride, Sodium, dissolved oxygen, surface area, margin overhung, percentage 
coverage of sand substrate, percentage coverage of leaf substrate, percentage coverage 
of submerged substrates were all retained and used in subsequent analyses. Furthermore, 
the spatial autocorrelation of the macroinvertebrate community structure from the sample 
ponds was assessed using correlograms, based on Moran I statistics of Euclidean macroin-
vertebrate distance matrices in relation to geographic distance, using the correlog function 
in the pgirmess package (Giraudoux et al. 2022).

Redundancy analysis (RDA) was used to examine the association between the ten 
retained environmental variables and macroinvertebrate community composition (Hellinger 
transformed), using the function ‘ordiR2step’ in vegan package to identify the significant 
(p < 0.05) environmental variables influencing macroinvertebrate communities. Regression 
analysis was undertaken to examine the association of environmental variables with a num-
ber of community metrics. Prior to any regression-based analyses, outliers (those values 
of a given variable that were three times the interquartile range; White et al. 2021) were 
identified and removed, resulting in three total phosphorus values, and three surface area 
and percentage coverage of sand values being removed. The response of taxonomic richness 
was examined in relation to the individual effect of each environmental variable (pH, TP, 
Fluoride, Sodium, dissolved oxygen, surface area, margin overhung, percentage coverage 
of sand substrate, percentage coverage of leaf substrate, percentage coverage of submerged 
substrates) via independent statistical models, each testing a unique dependent-independent 
pairwise combination (n = 10, 1 dependent and 10 independent). Running individual depen-
dent-independent regression models ensured that the models were not overfitted (White et 
al. 2017). To determine the optimal statistical function for each environmental variable, the 
independent variable was modelled via linear, exponential, logarithmic and quadratic sta-
tistical functions and the model exhibiting the lowest AIC was considered to be the optimal 
structure (Johnson and Omland 2004; Fornaroli et al. 2019). Once the optimal statistical 
function was determined for each environmental variable, pairwise regression analysis was 
undertaken for all dependant and independent variables in their optimal structure (linear, 
quadratic, logarithmic or exponential). The proportion of statistical variation explained 
(R2) and significance of each dependant-independent regression model (n = 10) was deter-
mined. To examine the relationship between LCBD and each environmental variable the 
same regression-based procedure undertaken for taxonomic richness was followed (see 
above). The same regression-based procedure was also followed to examine the relation-
ship between LCBD and taxonomic richness, and if there was an association between the 
distance of the pond to the glacial snout and taxonomic richness or LCBD.
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Results

Environmental conditions

Environmental characteristics among paraglacial forest and proglacial ponds were clearly 
separated in the NMDS biplot and were found to be statistically different (PERMANOVA 
F1,15 = 2.498, R2 = 0.14, p < 0.05; Fig. 2a). Paraglacial forest ponds (4.96) recorded a higher 
average distance to group centroid than proglacial ponds (4.0) for environmental charac-
teristics, although this was found to be not statistically significant (ANOVA F1,15 = 1.757, 
p > 0.05; Fig. 2c).

The percentage of decomposing leaves and twigs substrate (W = 47.5, p < 0.05), total 
nitrogen (W = 56.5, p < 0.01), temperature (W = 52, p < 0.05) and the % coverage of sub-
merged (W = 59, p < 0.01) and emergent macrophytes (W = 51.5, p < 0.05) were all signifi-
cantly higher in paraglacial forest ponds compared to proglacial ponds, while dissolved 

Fig. 2  Non-metric Multidimensional Scaling (NMDS) biplots of dissimilarity in environmental condi-
tions (Euclidean distance) (a); and macroinvertebrate community composition (Bray Curtis dissimilarity) 
(b) between proglacial and paraglacial forest ponds, and boxplots of multivariate dispersion distances 
for (c) environmental conditions and macroinvertebrate community composition (d) from paraglacial 
forest and proglacial ponds (Boxes show 25th, 50th, and 75th percentiles and whiskers show 5th and 95th 
percentiles)
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oxygen (W = 8, p < 0.05), Floride (ANOVA F1,15 = 4.71, p = 0.05) and the substrate % of gla-
cial till (W = 18, p < 0.05) were significantly higher in proglacial ponds (Table S2; Fig. 3). No 
significant difference (p > 0.05) in the 22 other physicochemical parameters were recorded 
between paraglacial forest and proglacial ponds.

Macroinvertebrate taxonomic richness

In total, 49 taxa from 14 orders were recorded across the ponds studied. More taxa were 
recorded from paraglacial forest ponds (observed total: 42) compared to proglacial ponds 
(observed: 27 taxa). Estimated gamma diversity (based on the Chao 2 estimator) was found 
to be similar (p > 0.05) in paraglacial forest (estimated gamma: 50, 95% CI: 37.07–62.49) to 
proglacial ponds (estimated gamma: 51, 95% CI: 20.54–81.59). Diptera (total taxa: 12, pro-
portion of total richness: 25%) Coleoptera (total taxa: 12, proportion of total richness: 25%), 
Trichoptera (total taxa: 7, proportion of total richness: 14%), and Odonata (total taxa: 3, 

Fig. 3  Median values of decomposing leaves and twig substrate (a), Dissolved oxygen (b), Total Nitrogen 
(c) and water temperature recorded from paraglacial forest and proglacial ponds. Boxes show 25th, 50th, 
and 75th percentiles and whiskers show 5th and 95th percentiles
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proportion of total richness: 6%) constituted the greatest proportion of total taxonomic rich-
ness recorded across the study sites. The most abundant macroinvertebrate taxa across the 
study sites were: Simocephalus expinosa (total: 1163), Ceriodaphnia dubia (total: 1002), 
Chironomidae 1 (total: 969), and Chironomidae 3 (total: 780, see supplementary material 
Table S3 for the abundances of all recorded macroinvertebrates).

On average, macroinvertebrate richness was significantly higher in paraglacial forest 
ponds (median: 14 taxa) than glacial ponds (median: 10 taxa; w = 69.5, p < 0.01; Fig. 4a). 
In addition, rarefied richness was also significantly higher in paraglacial forest (median 
richness: 6) ponds compared to proglacial (median richness: 3) ponds (w = 64.5, p < 0.05; 
Fig. 4b). The greatest taxonomic richness was recorded from a paraglacial forest pond (24 
taxa), with five paraglacial forest ponds supporting > 15 taxa, while all glacial ponds sup-
ported less than 14 taxa. Trichoptera (paraglacial forest pond: 10% proglacial pond 11%), 
and dipteran taxa (paraglacial forest pond: 28%, proglacial pond: 33%) constituted a greater 
proportion of taxonomic richness in proglacial than paraglacial forest ponds, while Coleop-
tera (paraglacial forest pond: 24%, proglacial pond: 18%) taxa represented a higher propor-
tion of taxa in paraglacial forest than proglacial ponds (Fig. S1a). Actively dispersing taxa 
dominated glacial ponds (actively dispersing: 22 taxa (81%), passively dispersing: 5 taxa 
(19%)), whilst a greater number of passively dispersing taxa were recorded from paraglacial 
forest ponds (actively dispersing: 31 taxa (74%), passively dispersing: 11 taxa (26%): Fig. 
S1b).

Macroinvertebrate community composition

Glacial ponds were widely distributed throughout the NMDS biplot (stress: 0.16), while 
paraglacial forest ponds were clustered together (Fig. 2b). Differences in macroinvertebrate 
composition between paraglacial forest and proglacial ponds were found to be significant 
(PERMANOVA, F1,17 = 1.709, R2 = 0.091, p < 0.05). Multivariate dispersion was similar for 
macroinvertebrate composition among paraglacial forest (distance to centroid: 0.499) and 
proglacial ponds (distance to centroid: 0.575, ANOVA F1,17 = 1.298, p = 0.271), although 
greater variability in multivariate dispersion was recorded among paraglacial forest ponds 
(Fig. 2d).

Proglacial and paraglacial forest ponds each recorded a moderate beta-diversity (pro-
glacial ponds: 0.44, paraglacial forest ponds: 0.32), and when all ponds were considered 
together (0.35; Table 1). Turnover explained the majority of the variation in community 
composition when all sites were considered together (turnover: 89%, nestedness: 11%) 
and when proglacial ponds (turnover: 95%, nestedness: 5%) and paraglacial forest ponds 
(turnover: 88%, nestedness: 12%) were considered separately (Table 1). When turnover and 
nestedness pairwise comparisons were examined, turnover was the dominant contributor to 
the dissimilarity between proglacial and paraglacial forest ponds (average turnover: 0.70 
(89%), average nestedness: 0.09 (10%)). In total, seven taxa (14% of total taxa recorded) 
were unique to proglacial ponds, 22 taxa (45%) were unique to paraglacial forest ponds 
and 20 (41%) taxa were shared (please see Table S4 for full list of unique and shared taxa 
among proglacial and paraglacial forest ponds). Chironomidae (Chironomidae 2, stat: 0.556, 
p = 0.038) was identified as an indicator taxon for paraglacial forest ponds, while no mac-
roinvertebrate taxa were identified as indicator taxa for proglacial ponds. Across the entire 
dataset, one proglacial pond and one paraglacial forest pond recorded significant LCBD 
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values (p < 0.05). On average, proglacial ponds (median: 0.074) recorded higher LCBD val-
ues compared to paraglacial forest ponds (median: 0.043; Fig. 5), although no significant 
differences in LCBD values were recorded (w = 16 p = 0.185).

Fig. 4  Median macroinverte-
brate taxonomic richness (a) 
and rarefied taxonomic richness 
(b) recorded from paraglacial 
forest and proglacial ponds. 
Boxes show 25th, 50th, and 75th 
percentiles and whiskers show 
5th and 95th percentiles
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Species-environment relationships

Preliminary analysis indicated that there was no spatial autocorrelation for taxonomic rich-
ness or LCBD at any spatial scale (See Fig. S2 for mantel correlograms). Regression analy-
ses indicated a significant negative association between dissolved oxygen and taxonomic 
richness (adjusted R2 = 0.1947, F1,14 = 4.626, P < 0.05 – linear function; Fig. 6a). A negative 
association was recorded between LCBD and Sodium (adjusted R2 = 0.2275, F1,14 = 5.418, 
P < 0.05—logarithmic function; Fig. 6b. No significant associations were recorded between 
taxonomic richness or rarefied richness, and the distance of the pond to the glacial snout 
(Supplementary Material Table S5). Redundancy analysis indicated that none of the mea-
sured environmental variables were significantly associated with pond macroinvertebrate 
community composition.

Fig. 5  Median Local Contribu-
tion to Beta Diversity (LCBD) 
values for paraglacial forest and 
proglacial ponds. Boxes show 
25th, 50th and 75th percentiles 
and whiskers show 5th and 95th 
percentiles

 

Total beta 
diversity

Turnover Nest-
edness

Proglacial ponds 0.44 (100%) 0.42 (95%) 0.02 
(5%)

Paraglacial forest ponds 0.32 (100%) 0.28 (88%) 0.04 
(12%)

All ponds together 0.35 (100%) 0.31 (89%) 0.04 
(11%)

Proglacial ponds v parag-
lacial forest ponds

0.79 (100%) 0.70 (89%) 0.09 
(11%)

The contribution of turnover and nestedness to total beta-diversity 
between proglacial and paraglacial forest ponds is also presented. 
Percentage contribution is presented in parentheses

Table 1  Relative contribution of 
species turnover and nestedness 
to total beta-diversity (based 
on the Baselga-Jaccard dis-
similarity) when all sites were 
considered together, and among 
proglacial and paraglacial forest 
ponds separately
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Discussion

Deglaciation is predicted to increase over the coming decades (Clarke et al.2015), and as 
a result new paraglacial landscapes will become established. Ponds are common habitats 
across paraglacial landscapes (Lencioni et al. 2021) and likely to become more abundant, 
yet limited research has examined their biological communities (Laske et al. 2021; Wiss-
inger et al. 2016). This study sought to characterise the aquatic macroinvertebrate com-
munities supported in paraglacial forest and proglacial ponds adjacent to the Exploradores 
Glacier snout, with results demonstrating differences in the macroinvertebrate communities 
among ponds connected to the glacial snout (proglacial ponds) and ponds located in the 
paraglacial landscape (paraglacial forest ponds).

Macroinvertebrate richness among proglacial and paraglacial forest ponds

At both a landscape (gamma) and local (alpha) scale, taxonomic richness was found to be 
higher in the paraglacial forest ponds than the proglacial ponds in this study. While there are 
no other similar pond studies to compare these findings with from other recently deglaciated 
environments, the results are not unexpected. Proglacial ponds are recently formed (primary 
succession) and are often located in highly stressed/biologically challenging environments 
that probably limit their suitability for most macroinvertebrate taxa (Hamerlik et al. 2014). 
For example, during the summer months proglacial ponds are subjected to large water level 
fluctuations and may dry, while in the winter months they may freeze over. These ponds are 
often highly turbid, can experience extreme fluctuations in water chemistry and tempera-
ture, support limited physical habitat complexity and macrophytes, and are largely unpro-
ductive due to their limited soil development, low organic matter availability and small 
catchments (Gobbi and Lencioni 2021). Some of the proglacial ponds in this study were 
closely connected to the snout of the glacier and regularly experience inputs of broken 
ice falling into the pond. The paraglacial forest ponds provided more stable environmental 

Fig. 6  Association between taxonomic richness and (a) dissolved oxygen, and and between LCBD and 
Sodium (b)
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conditions as they were broadly unaffected by the glacier directly, with lower fluctuations in 
water chemistry, higher productivity, habitat complexity and macrophyte coverage, which 
increases the availability of suitable ecological niches for aquatic macroinvertebrates (Jara 
et al. 2023; Epele et al. 2021; Netto et al. 2012).

However, other studies have found that the newly formed proglacial ponds can provide 
important habitats for macroinvertebrates, particularly early aerial colonisers including Chi-
ronomidae and some Coleoptera (Gobbi and Lencioni 2021; Lencioni 2018). In this study, 
Dipteran taxa and Trichoptera constituted a greater proportion of the taxonomic richness 
than the paraglacial forest pond richness. Similarly, in a study of high-altitude glacial ponds 
in the Tatra mountains of central Europe, the most diverse invertebrate groups recorded 
were Chironomidae and Trichoptera (Novikmec et al. 2015). There is often a limited pres-
ence of predators in these ponds, and where organic material is available (either through 
algal growth or wind-blown terrestrial plant inputs), abundant resources may be exploitable 
by Diptera and Trichoptera, with numerous species within these invertebrate groups adapted 
to cold environments (Martel-Cea et al. 2021). In addition, during summer months warmer 
water temperatures can occur in the shallow proglacial ponds, which create ideal breeding 
conditions for Chironomidae (Hagvar et al. 2016).

Macroinvertebrate community composition among proglacial and paraglacial 
forest ponds

This study found significant differences in macroinvertebrate assemblages between progla-
cial and paraglacial forest ponds, which were almost entirely explained by species replace-
ment, supporting previous findings from glacial lentic systems (Hamerlik et al. 2014; Hill 
et al. 2021). Large spatial environmental gradients were recorded among the ponds in this 
study, which provided large ecological niches to support a wider range of taxa, thus promot-
ing high species replacement via environmental filtering (Hamerlik et al. 2014). Although 
not measured here, the temporal (daily, seasonally and inter-annually) environmental vari-
ability in glaciated landscapes is likely to be more extreme than other biomes, which may 
impose a strong environmental filter for proglacial and paraglacial pond aquatic macro-
invertebrate communities (Wissinger et al. 2016). However, the high beta diversity and 
species replacement among the proglacial and paraglacial forest ponds may also reflect 
the relative isolation of the ponds, which can be particularly high in glaciated landscapes 
reflecting the distinctive topographic barriers (Hamerlik et al. 2014; Hyseni et al. 2021).

Previous research in glaciated environments has shown that such early-stage lentic sys-
tems are often colonized by cold-tolerant and actively dispersing generalists such as Chi-
ronomidae (Debiasi et al.2022; Gobbi and Lencioni 2021; Martel-Cea et al. 2021). There 
is often a limited presence of predators in these ponds, and reduced competition, and as a 
result available resources may be readily exploitable by early colonisers. Additionally, the 
dominance of actively dispersing taxa in proglacial ponds we recorded, likely reflects their 
reliance on periodic recolonisation by these fauna, as the periodic freezing of the ponds in 
winter months (and the harsh winter environmental conditions) probably displaces macro-
invertebrates from these ponds during these months (Gobbi and Lencioni 2021; Hamerlik 
et al. 2014). In contrast, paraglacial forest ponds likely represent more stable communi-
ties due to their disconnection from the glacial snout, which can increase thermal stability, 
extend the biological activity period, and promote the establishment of aquatic macrophytes 
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which have been shown to enhance pond biodiversity through increased niche availability 
and food web complexity (Hinden et al. 2005; Hassall et al. 2011). This is reflected in our 
study with several taxa being found to be unique to paraglacial forest ponds, notably from 
Coleoptera orders which can require more stable environmental conditions. However, care 
is needed when interpreting these results as the uneven number of sample ponds in each 
group may have influenced the compositional patterns recorded.

Environmental drivers of proglacial and paraglacial forest pond macroinvertebrate 
communities

Several environmental factors were identified to be significantly associated with taxonomic 
richness and LCBD among the studied ponds. In this study, dissolved oxygen was found 
to be an important correlate of taxonomic richness. A negative association was recorded 
between dissolved oxygen and taxonomic richness in this study, contrasting sharply with 
studies that have examined ponds in lowland temperate and mediterranean environments 
which have found a positive association between dissolved oxygen and taxonomic richness 
(Lamelas-López et al. 2021; Hill et al. 2019). Many macroinvertebrates are directly reliant 
on dissolved oxygen for respiration, as they frequently possess gills or other underwater 
respiratory structures and often require high dissolved oxygen concentrations to survive 
(Croijmans et al. 2021; Lancaster and Downes 2013). In this study, the proglacial ponds 
often recorded a supersaturation of dissolved oxygen. This is likely caused by glacial melt-
water and low productivity (Irvine-Fynn and Hodson 2010; Craig et al. 1992), and the nega-
tive association between dissolved oxygen and taxonomic richness may be more reflective 
of the wider harsh glacial conditions (e.g., rapidly fluctuating environmental conditions) 
limiting macroinvertebrate communities in proglacial ponds.

Sodium was also found to negatively influence ecological uniqueness (LCBD). High 
sodium levels in cryospheric freshwaters likely reflects glacially derived mineral inputs 
via weathering (Litaor 2022; Salerno et al. 2016; Sertic Peric et al. 2015), and could act as 
an abiotic filter of sensitive macroinvertebrate species. Sodium plays a key role in osmo-
regulatary processes of freshwater species, and excess sodium could negatively influence 
macroinvertebrate taxa due to increased energy expenditure and challenges with maintain-
ing osmotic balance (Scheibener et al. 2016). Similar findings have also been recorded from 
glacier-fed streams and lakes, where conductivity, and water chemistry serve as key envi-
ronmental filters for macroinvertebrate communities (Sertic Peric et al. 2015; Scotti et al. 
2019; Fureder et al. 2006; Lods-Crozet et al. 2012).

Interestingly, no significant associations were recorded between taxonomic richness (or 
rarefied richness), and the distance of the pond to the glacial snout. This suggests that in 
lowland glacial landscapes the influence of glaciers on pond conditions and macroinver-
tebrate communities may be limited to the glacial snout itself. Once ponds have become 
hydrologically disconnected from the glacial snout, even if in close proximity to the glacier, 
their environmental conditions can temporally stabilise, macrophyte communities can colo-
nise and environmental conditions can be established that supports a wide range of macro-
invertebrate taxa. However, among lotic systems glaciers can have an extended influence, as 
a result of the longitudinal connectivity of rivers (Milner et al. 2001). Positive correlations 
have been demonstrated between taxonomic richness and the distance to the glacial snout, 
reflecting the gradual decrease in the influence of glaciers (and therefore increasingly suit-
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able and stable environmental conditions, in particular temperatures) on the lotic environ-
ment downstream (Lencioni 2018; Jacobsen and Dangles 2012; Kuhn et al. 2011).

Conclusion

Understanding how freshwater biodiversity may respond and adapt within deglaciating 
environments is an increasing challenge. This study has shown that ponds formed as a result 
of deglaciation can support a wide diversity of aquatic macroinvertebrates, although progla-
cial ponds, located at the glacier snout, support a lower taxonomic richness than paraglacial 
forest ponds that are more isolated, and therefore have more suitable and stable physico-
chemical conditions (e.g., higher aquatic macrophyte coverages). Our study demonstrates 
the dynamic nature of pond macroinvertebrate communities in deglaciating landscapes, 
and that paraglacial forest ponds that are isolated from the glacier can support complex 
communities. As glacial retreat continues and landscapes transition from glacial to paragla-
cial, pond habitats will become increasingly important in supporting aquatic biodiversity at 
the landscape-scale. Future research is critically needed in these novel habitats to advance 
understanding of the spatial and temporal dynamism and succession of pond networks to 
provide the underpinning information needed to support biodiversity in these rapidly chang-
ing environments.

Supplementary Information  The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​1​0​0​7​/​s​1​0​5​3​1​-​0​2​5​-​0​3​2​3​8​-​z​​​​​.​​

Acknowledgements  This work was funded by the School of Applied Sciences at the University of Hudder-
sfield. The authors would like to thank Olaf Wündrich and Jamie Valdivia from Colibri Ventura (Coyhaique, 
Chile) for managing the logistics of the fieldwork and assisting with field sampling. The authors would also 
like to thank Dr Emma Ransom-Jones and Dr Adina Racoviteanu for assisting with fieldwork logistics and 
sampling. Finally, the authors would like to thank the National Forest Corporation of Chile (CONAF) for 
granting us access to the Laguna San Rafael National Park. Luis Uribe and Brian Reid were supported by the 
Chilean Science Ministry (ANID) R20F0002 PATSER “Ecosystem, Climate Change and Socio-enviromental 
linkages along the continent-ocean continuum.”

Author contribution  Matthew J. Hill: Conceptualisation, Methodology, Formal Analysis, Writing – original 
draft, Writing – review and editing, Visualisation. Ryan Wilson: Conceptualisation, Methodology, Formal 
Analysis, Writing—original draft, Writing – review and editing. Luis Uribe: Methodology, Writing – review 
and editing. Brian Ried: Conceptualization, methodology, Writing – review and editing. Pedro Pedreros: 
Writing – review and editing. Kate L. Mathers: Writing – review and editing, Paul J. Wood: Writing – review 
and editing.

Data availability  The data generated in this study is stored by the authors and is available upon request.

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as 
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons 
licence, and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. 
If material is not included in the article’s Creative Commons licence and your intended use is not permitted 

1 3

Page 17 of 22     47 

https://doi.org/10.1007/s10531-025-03238-z
https://doi.org/10.1007/s10531-025-03238-z


Biodiversity and Conservation           (2026) 35:47 

by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aniya M, Enomoto H, Aoki T, Matsumoto T, Skvarca P, Barcaza G, Suzuki R, Sawagaki T, Sato N, Isenko 
E, Iwasaki S (2007) Glaciological and geomorphological studies at Glaciar Exploradores, Hielo Pata-
gonico Norte, and Glaciar Perito Moreno, Hielo Patagonico Sur, South America, during, 2003-2005 
(GRPP03-05). Bull Glaciol Res 24:95–107

APHA (2005) Standard methods for the examination of water and waste-water (21st ed.). American Public 
Health Association

Bañales-Seguel C, Salazar A, Mao L (2020) Hydro-morphological characteristics and recent changes of a 
nearly pristine river system in Chilean Patagonia: the Exploradores river network. J South Am Earth 
Sci 98:102444

Biggs J, Fox G, Whitfield M, Williams P (1998) A guide to the methods of the National Pond Survey. Pond 
Action, Oxford

Bravo C, Bozkurt D, Ross AN, Quincey DJ (2021) Projected increases in surface melt and ice loss for the 
Northern and Southern Patagonian Icefields. Sci Rep 11(1):16847

Brighenti S, Tolotti M, Bruno MC, Wharton G, Pusch MT, Bertoldi W (2019) Ecosystem shifts in Alpine 
streams under glacier retreat and rock glacier thaw: a review. Sci Total Environ 675:542–559

Brown LE, Khamis K, Wilkes M, Blaen P, Brittain JE, Carrivick JL, Fell S, Friberg N, Füreder L, Gislason 
GM, Hainie S (2018) Functional diversity and community assembly of river invertebrates show glob-
ally consistent responses to decreasing glacier cover. Nat Ecol Evol 2(2):325–333

Cael BB, Seekell DA (2016) The size-distribution of Earth’s lakes. Sci Rep 6(1):29633
Carrivick JL, Davies M, Wilson R, Davies BJ, Gribbin T, King O, Rabatel A, García JL, Ely JC (2024) 

Accelerating glacier area loss across the Andes since the Little Ice Age. Geophys Res Lett 
51(13):e2024GL109154

Catalán J, Curtis CJ, Kernan M (2009) Remote European mountain lake ecosystems: regionalisation and 
ecological status. Freshw Biol 54(12):2419–2432

Cauvy-Fraunié S, Dangles O (2019) A global synthesis of biodiversity responses to glacier retreat. Nat Ecol 
Evol 3(12):1675–1685

Cauvy-Fraunié S, Espinosa R, Andino P, Jacobsen D, Dangles O (2015) Invertebrate metacommunity structure 
and dynamics in an Andean glacial stream network facing climate change. PLoS One 10(8):e0136793

De Caceres M, Jansen F and Dell N (2024) Indicspecies: Relationship Between Species and Groups of Sites. 
R package version 1.7.15. [Accessible at: ] ​h​t​t​p​s​:​​/​/​c​r​a​​n​.​r​-​p​r​​o​j​e​c​​t​.​o​r​g​​/​w​e​b​/​​p​a​c​k​a​g​​e​s​/​i​​n​d​i​c​s​​p​e​c​i​e​​s​/​i​n​d​i​​c​s​
p​e​​c​i​e​s​.​p​d​f

Chertoprud MV, Palatov DM, Dimante-Deimantovica I, (2017) Macrobenthic communities in water bodies 
and streams of Svalbard, Norway. J Nat Hist 51(47-48):2809–2825

Clarke GK, Jarosch AH, Anslow FS, Radić V, Menounos B (2015) Projected deglaciation of western Canada 
in the twenty-first century. Nat Geosci 8(5):372–377

Craig H, Wharton RA Jr, McKay CP (1992) Oxygen supersaturation in ice-covered Antarctic lakes: biologi-
cal versus physical contributions. Science 255(5042):318–321

Croijmans L, De Jong JF, Prins HHT (2021) Oxygen is a better predictor of macroinvertebrate richness than 
temperature—a systematic review. Environ Res Lett 16(2):023002

Debiasi D, Franceschini A, Paoli F, Lencioni V (2022) How do macroinvertebrate communities respond to 
declining glacial influence in the Southern Alps. Limnetica 41(1):121–137

Domínguez E, Fernández H (eds) (2009) Macroinvertebradosbentónicos Sudamericanos: Sistemática y 
biología. Primera Edición. Fundación Miguel Lillo, San Miguel de Tucumán

Dray S (2022) Adespatial: Multivariate multiscale spatial analysis. R package version 0.3–20. Accessible at: ​
h​t​t​p​s​:​​/​/​c​r​a​​n​.​r​-​p​r​​o​j​e​c​​t​.​o​r​g​​/​w​e​b​/​​p​a​c​k​a​g​​e​s​/​a​​d​e​s​p​a​t​i​a​l​/​a​d​e​s​p​a​t​i​a​l​.​p​d​f]

Dussaillant I, Berthier E, Brun F, Masiokas M, Hugonnet R, Favier V, Rabatel A, Pitte P, Ruiz L (2019) Two 
decades of glacier mass loss along the Andes. Nat Geosci 12(10):802-808

Epele LB, Grech MG, Manzo LM, Macchi PA, Hermoso V, Miserendino ML, Bonada N, Cañedo-Argüelles 
M (2021) Identifying high priority conservation areas for Patagonian wetlands biodiversity. Biodivers 
Conserv 30(5):1359–1374

Feiner ZS, Coulter DP, Krieg TA, Donabauer SB, Höök TO (2016) Environmental influences on fish assem-
blage variation among ecologically similar glacial lakes. Environ Biol Fishes 99(11):829–843

1 3

   47   Page 18 of 22

http://creativecommons.org/licenses/by/4.0/
https://cran.r-project.org/web/packages/indicspecies/indicspecies.pdf
https://cran.r-project.org/web/packages/indicspecies/indicspecies.pdf
https://cran.r-project.org/web/packages/adespatial/adespatial.pdf
https://cran.r-project.org/web/packages/adespatial/adespatial.pdf


Biodiversity and Conservation           (2026) 35:47 

Fornaroli R, Calabrese S, Marazzi F, Zaupa S, Mezzanotte V (2019) The influence of multiple controls on 
structural and functional characteristics of macroinvertebrate community in a regulated Alpine river. 
Ecohydrol 12(2):e2069

Fox J et al. (2021) Companion to Applied Regression. R package version 3.0–12 [Accessible at: ] ​h​t​t​p​s​:​​/​/​c​r​a​​
n​.​r​-​p​r​​o​j​e​c​​t​.​o​r​g​​/​w​e​b​/​​p​a​c​k​a​g​​e​s​/​c​​a​r​/​c​a​r​.​p​d​f

Füreder L, Ettinger R, Boggero A, Thaler B, Thies H (2006) Macroinvertebrate diversity in Alpine lakes: 
effects of altitude and catchment properties. Hydrobiologia 562:123–144

Gardner AS, Moholdt G, Cogley JG, Wouters B, Arendt AA, Wahr J, Berthier E, Hock R, Pfeffer WT, Kaser 
G, Ligtenberg SR (2013) A reconciled estimate of glacier contributions to sea level rise: 2003 to 2009. 
Science 340(6134):852–857

Garreaud R, López P, Minvielle M, Rojas M (2013) Large-scale control on the Patagonian climate. J Climate 
26(1):215–230

Giraudoux P, Antonietti J, Beale C, Lancelot R, Pleydell D and Treglia M (2022) Pgirmess: Spatial Analysis 
and Data Mining for Field Ecologists. R package version 2..0. [Accessible at: ​h​t​t​p​s​:​​/​/​c​r​a​​n​.​r​-​p​r​​o​j​e​c​​t​.​o​r​g​​
/​w​e​b​/​​p​a​c​k​a​g​​e​s​/​p​​g​i​r​m​e​s​s​/​p​g​i​r​m​e​s​s​.​p​d​f]

Gobbi M and Lencioni V (2021) Glacial Biodiversity: Lessons from Ground-dwelling and Aquatic. Glaciers 
and the polar environment, p. 143

Google Earth (2022) https://earth.google.com [last accessed 22/12/2025]
Hågvar S, Ohlson M, Brittain JE (2016) A melting glacier feeds aquatic and terrestrial invertebrates with 

ancient carbon and supports early succession. Arct Antarct Alp Res 48(3):551–562
Hamada N, Thorp JH, Rogers C (2019) Thorp and Covich’s Freshwater Invertebrates, 4th edn. Academic 

Press, Keys to the Neotropical Hexapoda
Hamerlík L, Svitok M, Novikmec M, Očadlík M, Bitušík P (2014) Local, among-site, and regional diversity 

patterns of benthic macroinvertebrates in high altitude waterbodies: do ponds differ from lakes? Hydro-
biologia 723:41–52

Hassall C, Hollinshead J, Hull A (2011) Environmental correlates of plant and invertebrate species richness 
in ponds. Biodivers Conserv 20:3189–3222

Hill MJ, Heino J, White JC, Ryves DB, Wood PJ (2019) Environmental factors are primary determinants 
of different facets of pond macroinvertebrate alpha and beta diversity in a human-modified landscape. 
Biological Conservation 237, pp.348–357. 

Hill MJ, Wood PJ, Mathers KL (2021) Taxonomic and functional macroinvertebrate diversity of high-altitude 
ponds in the Macun Cirque, Switzerland. Aquat Conserv Mar Freshw Ecosyst 31(11):3201–3214

Hill MJ, Thornhill I, Tiegs SD, Castro-Castellon A, Hernández-Avilés JS, Daw A, Salinas-Camarillo 
VH, Hobbs S (2022) Organic-matter decomposition in urban stream and pond habitats. Ecol Indic 
142:109232

Hinden H, Oertli B, Menetrey N, Sager L, Lachavanne JB (2005) Alpine pond biodiversity: what are the 
related environmental variables? Aquat Conserv Mar Freshw Ecosyst 15(6):613–624

Hyseni C, Heino J, Bini LM, Bjelke U, Johansson F (2021) The importance of blue and green landscape con-
nectivity for biodiversity in urban ponds. Basic Appl Ecol 57:129–145

Irarrazaval I, Dussaillant A, Vivero S, Iribarren-Anacona P, Mariethoz G (2022) Ice dynamics and morpho-
logical changes during proglacial lake development at exploradores glacier, Patagonia. Front Earth Sci 
10:791487

Irvine-Fynn TDL, Hodson AJ (2010) Biogeochemistry and dissolved oxygen dynamics at a subglacial 
upwelling, Midtre Lovénbreen, Svalbard. Ann Glaciol 51(56):41–46

Jacobsen D, Dangles O (2012) Environmental harshness and global richness patterns in glacier-fed streams. 
Glob Ecol Biogeogr 21(6):647–656

Jacobsen D, Cauvy-Fraunie S, Andino P, Espinosa R, Cueva D, Dangles O (2014) Runoff and the longitudinal 
distribution of macroinvertebrates in a glacier-fed stream: implications for the effects of global warm-
ing. Freshw Biol 9(10):2038–50

Jara FG, Pueta M (2023) Predatory invertebrates indirectly impact leaf-litter breakdown by different foragers 
in temporary wetlands. J Zool 319(4):274–284

Johnson JB, Omland KS (2004) Model selection in ecology and evolution. Trends Ecol Evol 19(2):101–108
Kuhn J, Andino P, Calvez R, Espinosa R, Hamerlik L, Vie S, Dangles O, Jacobsen D (2011) Spatial vari-

ability in macroinvertebrate assemblages along and among neighbouring equatorial glacier‐fed streams. 
Freshw Biol 56(11):2226–2244

Lamelas-López L, Borges PA, Serrano L, Gonçalves V, Florencio M (2021) Biodiversity patterns of mac-
roinvertebrate assemblages in natural and artificial lentic waters on an oceanic island. Front Ecol Evol 
8:605176

Lancaster J, Downes BJ (2013) Aquatic entomology. OUP Oxford
Laske SM, Gurney KE, Koch JC, Schmutz JA, Wipfli MS (2021) Arctic insect emergence timing and compo-

sition differs across thaw ponds of varying morphology. Arct Antarct Alp Res 53(1):110–126

1 3

Page 19 of 22     47 

https://cran.r-project.org/web/packages/car/car.pdf
https://cran.r-project.org/web/packages/car/car.pdf
https://cran.r-project.org/web/packages/pgirmess/pgirmess.pdf
https://cran.r-project.org/web/packages/pgirmess/pgirmess.pdf
https://earth.google.com


Biodiversity and Conservation           (2026) 35:47 

Legendre P (2024) Indicator species: computation. In: Scheiner Samuel M (ed) Encyclopedia of biodiversity, 
vol 5, 3rd edn. Elsevier, Oxford, pp 533–538

Legendre P, De Cáceres M (2013) Beta diversity as the variance of community data: dissimilarity coefficients 
and partitioning. Ecol Lett 16(8):951–963

Lencioni V (2018) Glacial influence and stream macroinvertebrate biodiversity under climate change: les-
sons from the Southern Alps. Sci Total Environ 622:563–575

Lencioni V, Marziali L (2005) A new species of Macropelopia Thienemann (Diptera, Chironomidae) from the 
Italian Alps. Ital J Zool 72:317–320

Lencioni V, Franceschini A, Paoli F, Debiasi D (2021) Structural and functional changes in the macroin-
vertebrate community in Alpine stream networks fed by shrinking glaciers. Fundam Appl Limnol 
194(3):237–258

Litaor MI (2022) Alpine ecosystem response to climate warming: long-term monitoring data of stream chem-
istries revisited. Sci Total Environ 839:156292

Lods-Crozet B, Oertli B, Robinson CT (2012) Long-term patterns of chironomid assemblages in a high 
elevation stream/lake network (Switzerland): Implications to global change. Fauna norv 31:71–85

Losapio G, Lee JR, Fraser CI, Gillespie MA, Kerr NR, Zawierucha K, Hamilton TL, Hotaling S, Kaufmann 
R, Kim OS, Klopsch C (2025) Impacts of deglaciation on biodiversity and ecosystem function. Nat Rev 
Biodivers. https://doi.org/10.1038/s44358-025-00049-6

Luebert F, Pliscoff P (2019) Sinopsis bioclimática y vegetacional de Chile. Editorial Universitaria, Santiago, 
p 384

Manzo LM, Epele LB, Grech MG, Kandus P, Miserendino ML (2019) Wetland genesis rules invertebrate spa-
tial patterns at Patagonian ponds (Santa Cruz, Argentina): a multiscale perspective. Ecol Eng 126:43–54

Martel-Cea A, Astorga GA, Hernández M, Caputo L, Abarzúa AM (2021) Modern chironomids (Diptera: 
Chironomidae) and the environmental variables that influence their distribution in the Araucanian lakes, 
south-central Chile. Hydrobiologia 848:2551–2568

Milner AM, Brittain JE, Castella E, Petts GE (2001) Trends of macroinvertebrate community structure in 
glacier-fed rivers in relation to environmental conditions: a synthesis. Freshw Biol 46(12):1833–1847

Minowa M, Schaefer M, Sugiyama S, Sakakibara D, Skvarca P (2021) Frontal ablation and mass loss of the 
Patagonian icefields. Earth Planet Sci Lett 561:116811

Miserendino ML, Brand C, Epele LB, Di Prinzio CY, Omad GH, Archangelsky M, Martínez O, Kutschker 
AM (2018) Biotic diversity of benthic macroinvertebrates at contrasting glacier-fed systems in Pata-
gonia Mountains: the role of environmental heterogeneity facing global warming. Sci Total Environ 
622:152–163

Miserendino ML, Epele LB, Brand C, Uyua N, Santinelli N, Sastre V (2023) Uncovering aquatic diversity 
patterns in two Patagonian glacial lakes: does habitat heterogeneity matter? Aquat Sci 85(2):52

Muhlfeld CC, Giersch JJ, Hauer FR, Pederson GT, Luikart G, Peterson DP, Downs CC, Fagre DB (2011) 
Climate change links fate of glaciers and an endemic alpine invertebrate: a letter. Clim Change 
106(2):337–345

Muhlfeld CC, Cline TJ, Giersch JJ, Peitzsch E, Florentine C, Jacobsen D, Hotaling S (2020) Special-
ized meltwater biodiversity persists despite widespread deglaciation. Proc Natl Acad Sci U S A 
117(22):12208–12214

Netto RG, Benner JS, Buatois LA, Uchman A, Mángano MG, Ridge JC, Kazakauskas V, Gaigalas A, (2012) 
Glacial environments. In Developments in Sedimentology (Vol. 64, pp. 299–327). Elsevier

Novikmec M, Veselská M, Bitušík P, Hamerlík L, Matúšová Z, Klementová BR, Svitok M (2015) Checklist 
of benthic macroinvertebrates of high altitude ponds of the Tatra Mountains (Central Europe) with new 
records of two species for Slovakia. Check List 11(1):1–12

Oertli B, Indermuehle N, Angélibert S, Hinden H, Stoll A, (2008) Macroinvertebrate assemblages in 25 high 
alpine ponds of the Swiss National Park (Cirque of Macun) and relation to environmental variables. 
Hydrobiol 597(1):29–41

Oksanen J et al (2025) Vegan: Community ecology package. R package version 2.5–6. [Accessible at: ​h​t​t​p​s​:​​
/​/​c​r​a​​n​.​r​-​p​r​​o​j​e​c​​t​.​o​r​g​​/​w​e​b​/​​p​a​c​k​a​g​​e​s​/​v​​e​g​a​n​/​v​e​g​a​n​.​p​d​f].

Pitman KJ, Moore JW, Huss M, Sloat MR, Whited DC, Beechie TJ, Brenner R, Hood EW, Milner AM, Pess 
GR, Reeves GH (2021) Glacier retreat creating new Pacific salmon habitat in western North America. 
Nat Commun 12(1):6816

Pond Conservation Group (1993) A Future for Britain’s Ponds: An Agenda for Action. Pond Conservation 
Working Group, Oxford

R Development Core Team (2025) R: A language and environment for statistical computing. R Foundation 
for Statistical Computing

 RGI 7.0 Consortium (2023) Randolph Glacier Inventory - A Dataset of Global Glacier Outlines, Version 
7.0. Boulder, Colorado, USA. NSIDC: National Snow and Ice Data Centre. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​5​0​6​7​/​f​
6​j​m​o​v​y​5​n​a​v​z​​​​​​​

1 3

   47   Page 20 of 22

https://doi.org/10.1038/s44358-025-00049-6
https://cran.r-project.org/web/packages/vegan/vegan.pdf
https://cran.r-project.org/web/packages/vegan/vegan.pdf
https://doi.org/10.5067/f6jmovy5navz
https://doi.org/10.5067/f6jmovy5navz


Biodiversity and Conservation           (2026) 35:47 

Salerno F, Rogora M, Balestrini R, Lami A, Tartari GA, Thakuri S, Godone D, Freppaz M, Tartari G (2016) 
Glacier melting increases the solute concentrations of Himalayan glacial lakes. Environ Sci Technol 
50(17):9150–9160

Scheibener SA, Richardi VS, Buchwalter DB (2016) Comparative sodium transport patterns provide clues 
for understanding salinity and metal responses in aquatic insects. Aquat Toxicol 171:20–29

Scotti A, Jacobsen D, Tappeiner U, Bottarin R (2019) Spatial and temporal variation of benthic macroin-
vertebrate assemblages during the glacial melt season in an Italian glacier-fed stream. Hydrobiologia 
827:123–139

Sertić Perić M, Jolidon C, Uehlinger U, Robinson CT (2015) Long-term ecological patterns of alpine streams: 
an imprint of glacial legacies. Limnol Oceanogr 60(3):992–1007

Stark BP, Froehlich CG, Zúñiga MC (2009) South AmericanStoneflies (Plecoptera). Pensoft
Strickland, J. D. H., & Parsons, T. R (1968) A practical handbook of sea -water analysis. Bulletin 167. Fisher-

ies Research Board of Canada,Ottawa. Bulletin 167, 1968.
Villalba R, Lara A, Boninsegna JA, Masiokas M, Delgado S, Aravena JC, Roig FA, Schmelter A, Wolodarsky 

A, Ripalta A, (2003) Large-scale temperature changes across the southern Andes: 20th-century varia-
tions in the context of the past 400 years. Climatic change 59(1):177–232. 

White JC, Hannah DM, House A, Beatson SJ, Martin A, Wood PJ (2017) Macroinvertebrate responses to flow 
and stream temperature variability across regulated and non‐regulated rivers. Ecohydrol 10(1):e1773

White JC, Fornaroli R, Hill MJ, Hannah DM, House A, Colley I, Perkins M, Wood PJ (2021) Long-term river 
invertebrate community responses to groundwater and surface water management operations. Water 
Res 189:116651

Wilkes MA, Carrivick JL, Castella E, Ilg C, Cauvy-Fraunié S, Fell SC, Füreder L, Huss M, James W, Len-
cioni V, Robinson C (2023) Glacier retreat reorganizes river habitats leaving refugia for Alpine inverte-
brate biodiversity poorly protected. Nat Ecol Evol 7(6):841–851

Wilson R, Glasser NF, Reynolds JM, Harrison S, Anacona PI, Schaefer M, Shannon S (2018) Glacial lakes 
of the Central and Patagonian Andes. Glob Planet Change 162:275–291. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​r​​g​/​​1​0​.​​1​0​​1​​6​​/​j​.​g​l​o​​
p​l​a​​c​h​​a​.​​2​​0​1​​8​.​0​1​.​0​0​4

Wissinger SA, Oertli B, Rosset V (2016) Invertebrate communities of alpine ponds. Invertebrates in freshwa-
ter wetlands: an international perspective on their ecology 55–103

Publisher's Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Authors and Affiliations

Matthew Hill1 · Ryan Wilson2 · Luis Uribe3 · Brian Reid3 · Pablo Pedreros4 ·  
Paul J. Wood5 · Kate L. Mathers5

	
 Ryan Wilson
r.wilson2@hud.ac.uk

Matthew Hill
matthewhill@harper-adams.ac.uk

Luis Uribe
luis.uribe@ciep.cl

Brian Reid
brian.reid@ciep.cl

Pablo Pedreros
papedrer@gmail.com

Paul J. Wood
p.j.wood@lboro.ac.uk

Kate L. Mathers
k.mathers@lboro.ac.uk

1 3

Page 21 of 22     47 

https://doi.org/10.1016/j.gloplacha.2018.01.004
https://doi.org/10.1016/j.gloplacha.2018.01.004


Biodiversity and Conservation           (2026) 35:47 

1	 Department of Agriculture and Environment, Harper Adams University, Newport, Shropshire, 
UK

2	 School of Applied Sciences, University of Huddersfield, Huddersfield HD1 3DH, UK
3	 Centro de Investigación en Ecosistemas de La Patagonia, Coyhaique, Chile
4	 Faculty of Environmental Sciences and EULA, Chile Environmental Sciences Centre, 

University of Concepcion, Concepcion, Chile
5	 Geography and Environment, Loughborough University, Loughborough,  

Leicestershire LE11 3TU, UK

1 3

   47   Page 22 of 22


	1c61b9a4-44be-44f9-928a-4a7ddfa47386.pdf
	﻿Patagonian deglaciation: aquatic macroinvertebrate biodiversity in proglacial and paraglacial ponds
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study area
	﻿Environmental data collection
	﻿Macroinvertebrate data collection
	﻿Statistical analysis
	﻿Environmental characteristics
	﻿Alpha and gamma diversity
	﻿Macroinvertebrate community composition
	﻿Species-environment relationships

	﻿Results
	﻿Environmental conditions
	﻿Macroinvertebrate taxonomic richness




