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ABSTRACT ARTICLE HISTORY
Meltwater habitats are found on glacier surfaces worldwide, but much of the current understanding Received 12 June 2020
of these habitats comes from clean glaciers sprinkled with cryoconite. Cryoconite is windblown dust Revised 7 October 2020
particles covered with biological material that form small meltwater holes due to difference in the ~ Accepted 15 October 2020

albedo of cryoconite compared to clean ice. However, no information is available on the physical, KEYWORDS

chemical, and biological characteristics of supraglacial pools on debris-covered glaciers. We mea- Debris-covered glacier;
sured physical and chemical variables and sampled macroinvertebrates from forty-six supraglacial macroinvertebrates;
pools during the summers of 2018 and 2019 on the debris-covered Hailuogou Glacier in south- macroinvertebrate-habitat

eastern Tibet. Our physical and chemical results indicated that the sampled supraglacial pools relationships; Isotomidae;
exhibited a greater diversity of shapes, were larger, contained larger substrate sizes, and had conductivity

greater substrate diversity than cryoconite holes. The sampled supraglacial pools frequently con-

tained Chironomidae (Diptera) and Isotomidae (Collembola), which are macroinvertebrate taxa that

are uncommon in cryoconite holes. Chironomidae occurrence and abundance was not correlated

with any measured environmental variable. The best predictors of Isotomidae and macroinverte-

brate occurrence and abundance were conductivity, ice to water surface depth, and number of

supraglacial pools within 5 m. Our results highlight the uniqueness of supraglacial pools on

a debris-covered glacier in southeastern Tibet.

Introduction Tranter et al. 2004). The thickness of sediment at the

bottom of cryoconite holes ranges from 0.4 to 2.5 cm in

Glacier surfaces are complex environments containing Greenland (Cook et al. 2010), Nepal (Takeuchi et al.

alva.rlet.y Ofé quatul: habfltats crezite(?l ;b Y the;ne}lltlg% (:f 2000), and Antarctica (Telling et al. 2014). Cryoconite
gacier ice. bxampes of supraglacial aquatic Rabliais — p 1og can occupy up to 10 percent of glacier ablation

include cryoconite holes, pqols, lakes, and suPraglacial surfaces (Hodson et al. 2008; Cook et al. 2010; Edwards
streams. Among these glacial meltwater habitat types

hof th q di ¢ ) et al. 2011).
much of the current understan INg COMES Irom cryoconite Information on the physical characteristics and water
holes found on clean surface glaciers ..Cryocomte ho?es A€ chemistry of cryoconite holes has been reported from ice
f(?rmed. when sand moves onto clean ice (blyle or Whlte 1§e) sheets and glaciers in Antarctica, Svalbard, Greenland,
via eolian transport, avalanches, or landslides. Microbial Italy, Canada, and Asia (Table 1). The diameter of cryo-

organisms for'm Iayers.around the sand, _WhiCh hasalower  opite holes is one of the most frequently measured
albedo than ice, leading to the formation of meltwater- physical variables and ranges from 0.01 m to 5 m

filled depressions with dark mud-like substrate (Adams (Bagshaw et al. 2011; Table 1). Other less commonly
1966; Wharton et al. 1985; Takeuchi et al. 2000;  \easured physical variables include area and water
Zawierucha et al. 2018). Cryoconite sediments contain  jepth measurements (Table 1). Chemical variables com-
microbial organisms, including bacteria, cyanobacteria, monly measured in cryoconite holes include pH, con-
and algae (Takeuchi et al. 2000; Mueller et al. 2001; ductivity, and water temperature (Table 1),

Tranter et al. 2004; Hodson et al. 2008) and are mixed Cryoconite holes are known hotspots for microbial

with organic and detrital material (Mueller et al. 2001;  diversity and metabolic activity (Margesin and Miteva
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Table I. Summary of the means (Mn), ranges (Rg), and single values (Sv) of the diameter, surface area, water depth, pH, electrical
conductivity, and water temperature of cryoconite holes from glaciers and ice sheets in Svalbard, Greenland, Canada, Italy, Nepal, and

Antarctica.
Location Diameter (cm)  Surface area (cmz) Water depth (cm) pH Electrical conductivity (uS/cm)  Water temperature (°C)
Svalbard® Rg: 8.0-12.0 — — Sv: 4.6 Sv: 38 Sv: 0.2
Svalbard® — — Rg: 0.1-49.0 — — —
Svalbard® — — — Mn: 6.9 Mn: 21 —
Rg: 6.5-7.5 Rg: 5-53
Svalbard® — Mn: 1,287 Mn: 10.8 — — —
Rg: 56-31949 Rg: 0.5-27.1
Svalbard® — — Mn: 5.6 Mn: 7.9 Mn: 40 Rg: 0.05-0.22
Rg: 3.5-9.0 Rg: 5.8-9.4 Rg: 7-86
Greenland' Mn: 5.0-7.0 — Mn: 7.4 Mn: 5.8 — —
Rg: 1.0-16.0 Rg: 4.9-8.2
Greenland® — Rg: 3-1559 — — — —
Canada" Mn: 2.3 — — — — —
! Rg: 1.3-4.3
Canada' — — — — — Rg:-1.0t02.0
Canada’ Mn: 27.1 Mn: 639 — Mn: 3.9 Mn: 11 —
Italy" Mn: 19.4 — Mn: 8.4 Mn: 6.2 Mn: 7 —
Nepal' Mn: 7.0 — Mn: 1.9 — — —
Rg: 1.0-36.0 Rg: 0.1-6.1
Antarctica’ Mn: 38.7 Mn: 1,677 — Mn:7.9 Mn: 27 —
Antarctica™ Mn: 22.0-38.0 — — Mn: 5.8-8.10 Mn: 60-125 —
Antarctica” — Mn: 777 — Mn: 7.0 Mn: 34 —
Rg: 154-4185 Rg: 6-10 Rg: 5-73
Antarctica® — Rg: 257.0-729.0 — — — —
Antarctica® Rg: 20.0-120.0 — Rg: 30.0-40.0 Mn: 9.6 — —
Antarctica® — — — — Rg: 5-21 Rg:-9t0 1.8
Antarctica’ Mn: 25.8-47.3 — Mn: 0.0-12.1 Mn: 8.9 — —
King George Island® Mn: 10.0 — Mn: 15.6 — — —

Sources. “De Smet and Van Rompu (1994). "Vonnahme et al. (2016). “Zawierucha, Ostrowska et al. (2016). %Zawierucha, Vonnahme et al. (2016). “Zawierucha,
Buda, and Nawrot (2019). ‘Zawierucha et al. (2018). %Cook et al. (2018). "Adams (1966). Mclintyre (1984). Mueller et al. (2001). “Zawierucha, Buda, Azzoni et al.
(2019). 'Takeuchi et al. (2000). "Porazinska et al. (2004). "Sommers et al. (2018). °Darcy et al. (2018). PTranter et al. (2004). “Bagshaw et al. (2011). Telling et al.

(2014). *Buda et al. (2020).

2011) despite water temperatures frequently below 2°C.
Cryoconite holes host communities of microbes, auto-
trophic microorganisms, and invertebrates of a range of
sizes (Zawierucha et al. 2015; Pittino et al. 2018), but the
main focus of cryoconite hole research involving the biota
has been on microbial diversity. Zawierucha et al. (2015)
compiled a global list of invertebrates found within cryo-
conite holes that confirmed the occurrence of meiofauna
taxa Rotifera, Tardigrada, Nematoda, Copepoda and
macroinvertebrate taxa Chironomidae, Plecoptera, and
Collembola. These natural history surveys confirm that
invertebrates are a component of the aquatic commu-
nities within cryoconite holes. The few studies that have
quantified invertebrate habitat relationships have focused
on Rotifera (rotifers) and Tardigrada (water bears) in
cryoconite holes in Svalbard, Greenland, and King
George Island (Vonnahme et al. 2016; Zawierucha,
Vonnahme et al. 2016; Zawieruch et al. 2018;
Zawierucha, Budy, Fontaneto et al. 2019; Zawierucha,
Buda, and Nawrot 2019; Buda et al. 2020). However,
more information on invertebrate-habitat relationships
is needed to fully understand the abiotic and biotic factors
influencing the biodiversity within cryoconite holes and
other glacial meltwater habitats.

Glacial meltwater habitats and their biodiversity have
not been studied on debris-covered glaciers, which are

becoming more prevalent worldwide because of climate
warming, which causes glacier ablation and intensified
paraglacial rock falls (Caccianiga et al. 2011). Debris-
covered glaciers are ubiquitous in the Himalayas, with
80 percent of valley glaciers having ablation zones that
are covered with supraglacial debris (Fujii and Higuchi
1977). In southeastern Tibet's Three Parallel Rivers
region (Yangtze, Mekong, and Salween) where climate-
induced melting is severe (He et al. 2008; Yao et al.
2012), vertical relief is prominent and glacier ablation
zones extend well below the tree line (Baker and Moseley
2007). Here, avalanches and debris flows frequently con-
tribute to the debris layers, which can be over a meter
thick on the lowest elevations of glaciers (Zhang et al.
2011). A line of demarcation on ablation zones of deb-
ris-covered glaciers delineates the transition from thin
debris coverage where melt rates are higher to thicker
debris coverage located near the terminus where melt
rates are lower (Fyffe et al. 2019).

Preliminary fieldwork on the debris-covered
Hailuogou Glacier in Tibet resulted in observations
of supraglacial pools that appear similar to cryoconite
holes in that they are small lentic meltwater habitats
found on the glacier surface. Our observations also
indicated that supraglacial pools might contain larger
sediment sizes than cryoconite holes found on clean



glaciers that contain cryoconite, which is typically less
than 3 mm in diameter (Takeuchi et al. 2000; Cook
et al. 2010). Supraglacial pools on debris-covered gla-
ciers are likely formed by a mechanism similar to that
of cryoconite holes, but the process may be further
influenced by debris heating, stippled glacier surfaces,
debris size, debris position relative to the hole, and
differential debris coverage that influences where
supraglacial pools form. Cryoconite and the small
cryoconite holes they form have a tremendous impact
on the melt processes and ecology of clean glaciers
(Adams 1966). However, the impact of supraglacial
debris on the formation of supraglacial pools and on
the melt processes of debris-covered glaciers is largely
unknown.

Our objective was to document the physical character-
istics, chemical characteristics, and aquatic macroinverte-
brates within supraglacial pools on the debris-covered
Hailuogou Glacier on Mt. Gongga in southeastern Tibet.
Additionally, we aimed to identify the best predictors of
macroinvertebrate abundance and occurrence in the
supraglacial pools on this glacier. Our research questions
were the following;:

(1) What are the physical habitat and chemical char-
acteristics of supraglacial pools on a debris-
covered glacier?

(2) What macroinvertebrates occur within supragla-
cial pools on a debris-covered glacier?

(3) What physical habitat and chemical variables best
predict macroinvertebrate abundance and occur-
rence within these supraglacial pools?

To address these questions, we measured physical
and chemical variables and sampled macroinvertebrates
from forty-six supraglacial pools during the summer
monsoon seasons of 2018 and 2019 on the debris-
covered Hailuogou Glacier. To our knowledge, this is
the first documentation of the physical and chemical
conditions of supraglacial pools on a debris-covered
glacier and of the macroinvertebrate-habitat relation-
ships within supraglacial pools on a debris-covered
glacier.

Methods
Study area

Our study was conducted on the Hailuogou Glacier,
a monsoon temperate glacier with a debris-covered tongue
terminating at 2,990 m a.s.l. in the Hailuogou valley located
on the eastern slope of Mt. Gongga in the Daxueshan
mountain range, southeastern Tibet (Figure 1). Mt.
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Gongga is located on the southeastern margin of the
Tibetan Plateau, where the climate is dominated by the
East Asian monsoon during the summer. Climatic obser-
vations from the Gongga Station (3,000 m a.s.1.; Figure 1)
indicate that the mean annual air temperature is 4.1°C and
mean annual precipitation is 1,900 mm (Liu et al. 2010).
Air temperature in the region increased 0.13°C per decade
between 1952 and 2009 (Liu et al. 2010). There are seventy-
four monsoonal temperate glaciers distributed around the
Daxueshan mountain range, and most are debris-covered
(Figure 1).

The Hailuogou Glacier extends about 13 km in length
and 24.7 km? in area, with altitudes ranging from 2,990
to 7,556 m a.s.l. It has a wide cirque accumulation zone
(7,556-4,980 m a.s.l) and a 1,080-m-high ice fall
(4,780-3,700 m a.s.l.) below the accumulation zone
and approximately 1 km west of our upper sampling
sites. The sampled lower ice tongue (Figure 1) has
experienced continuous and remarkable shrinkage dur-
ing the past forty years, with the terminus retreating by
about 2 km since 1930 and ice thinning at a rate of 1.1 m
a~! between 1966 and 2009 (Liu et al. 2010). The lower
part of the ice tongue is covered by a debris layer that
increases in thickness down-glacier and reaches about
1.5 m thick near the terminus (Zhang et al. 2011).
During the early ablation season (April to early May),
supraglacial lakes or water ponded by crevasses can be
found in the region of relative flat ice surfaces between
3,500 and 3,600 m a.s.l. (Liu and Liu 2010).

In 2018 and 2019 we attempted to stratify our sampling
efforts so that approximately one half of the supraglacial
pools sampled were located on the upper ablation tongue
above the heavy debris-covered zone (debris thickness
1-20 cm) and one half of the supraglacial pools were located
on the lower section of the ablation zone containing thicker
layers of debris up to 1.5 m thick (Zhang et al. 2011). In
2018, twenty-one supraglacial pools were sampled on the
upper ablation tongue on 3 June and 4 June, and seven
supraglacial pools were sampled in the lower ablation zone
on 30 May. In 2019, nine supraglacial pools were sampled
on the upper ablation zone on 2 August and nine holes were
sampled in the lower ablation zone on 3 August. We were
not able to randomly select supraglacial pools to sample
before sampling began because the pools are not visible on
aerial images. We haphazardly selected supraglacial pools
with meltwater as we encountered them and then searched
for surrounding pools in a 20-m circular pattern around the
sampled pool before moving on to the next pool. The
accessibility of the surrounding terrain played a factor in
our ability to locate pools to sample, especially in areas with
deep crevasses. Debris depth in certain places on the lower
ablation zone made it challenging to locate supraglacial
pools. In 2019, the logistics of getting to the lower ablation
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Figure 1. (@) Map showing location of Mount Gongga in Tibet, (b) Chinese Gaofen-2 aerial photograph (acquired on 14 May 2015) of
Hailuogou Glacier depicting the location of the supraglacial pools sampled (green dots, pools sampled in 2018; yellow dots, pools
sampled in 2019), (c) map of Hailuogou Glacier basin and the location of the Mt. Gongga station, (d) and glacier distribution in the Mt.

Gongga range, with debris cover shown in gray.

zone to sample supraglacial pools was further complicated
by a paraglacial landslide that damaged the staircase that
provided access to the lower ablation zone.

We selected supraglacial pools containing melt-
water to collect macroinvertebrates and measure
physical and chemical variables. We did not sample
for macroinvertebrates from two supraglacial pools
we encountered with a diameter less than 5 cm due
to either the absence of water or the inability to fit
the sampling net into the pools. We considered
supraglacial pools greater than 2.5 m diameter to
represent a different habitat type that would not be
comparable to cryoconite holes. We only encoun-
tered a few of these larger supraglacial meltwater
habitats, and these were typically located at the
base of large crevasses. Sampling these few smaller
and larger meltwater habitats would have required
using different sampling methods to capture macro-
invertebrates that would have introduced sampling
gear bias into our data. In 2019 we ensured that
we did not repeatedly sample any supraglacial pool
that was sampled in 2018 by searching within differ-
ent areas of the upper and lower ablation zones and
by comparing the Global Positioning System (GPS)
coordinates of pools sampled in 2018 with those
sampled in 2019.

Physical and chemical measurements

We measured the physical and chemical characteristics of
each supraglacial pool before sampling for macroinverte-
brates. The average of all (one to four) width and length
measurements (LW) was used to calculate the surface area
of each supraglacial pool. Mean LW for a rectangular or
square-shaped supraglacial pool is analogous to the dia-
meter of circular cryoconite holes. Four to six measure-
ments of water depth and the distance from ice surface to
the water surface were also obtained for each pool with
a tape measure. Water velocity was measured only if there
was a visible source of supraglacial flowing water into or
within the pool. Preliminary water velocity measurements
obtained with a Global Water FP101 flow probe (Gold
River, CA) found that velocity readings were less than the
detectable limit (0.1 m/s).

We visually estimated turbidity prior to any distur-
bance of the water. We did not have access to a turbidity
meter, and using a turbidity tube would have required
complete removal of all water from the smaller pools,
which would have negatively impacted our macroinver-
tebrate sampling. We assigned the turbidity of each hole
into one of four categories: (1) very clear (bottom sub-
strate visible), (2) clear (bottom substrate visible but
with slight haze in the water column), (3) turbid (water



a gray color and the bottom substrate is difficult to see),
and (4) very turbid (water color is gray or brown and
bottom substrate is not visible). In situ measurements of
water temperature, conductivity, and pH were obtained
in each supraglacial pool with a YSI Professional Plus
(Yellow Springs, OH) multiparameter meter that was
calibrated at the beginning of each sampling season.

We used a gravelometer to measure the size of 100
randomly selected substrate pieces from within each supra-
glacial pool and then calculated substrate richness as the
number of fifteen substrate size categories found in each
pool (2, 2.8, 4, 5.6, 8,11, 16, 22.6, 32, 45, 64, 90, 128,
>180 mm), mean grain size, and the percentage sand
(<2 mm), gravel (2-64 mm), cobble (64-180 mm), and
large cobble/boulders (>180 mm).

We used a handheld GPS to obtain the coordinates
and elevation of each supraglacial pool and ArcMap
(ESRI 2013) and the GPS coordinates to calculate
seven glacier landscape variables. The calculated glacier
landscape variables included (1) the distance from the
sampled pool to the northern and southern boundaries
of the glacier (i.e., the transition between the glacial
moraine and terrestrial vegetation); (2) glacier width
(sum of distances from the northern and southern
boundaries of the glacier); (3) distance to the nearest
terrestrial vegetation (the smallest distance of the dis-
tances of the northern and southern boundaries); (4) the
difference in distances of northern and southern glacier
boundaries; (5) the ratio of the distance to the nearest
vegetation and glacier width; (6) distance to nearest
sampled supraglacial pool; and (7) number of sampled
supraglacial pools within 5 m. These seven glacier land-
scape variables were derived from island biogeography
and edge effect concepts and described the distance of
sampled pools from a source of macroinvertebrate colo-
nists outside the glacier (distances from northern and
southern boundaries, glacier width, distance to nearest
vegetation), the relative location of the sampled pools
with respect to the edge of the glacier (difference
between northern and southern boundaries, ratio of
distance to nearest vegetation and glacier width), or
the distance of sampled pools from a local source of
macroinvertebrate colonists on the glacier (distance to
nearest pool and number of pools within 5 m).

Macroinvertebrate collection and identification

Macroinvertebrates were collected from supraglacial
pools with a telescoping 20.3- or 30.5-cm triangular
dipnet (mesh size 750-800 pm) depending on the dia-
meter of the pool. The 20.3-cm dipnet was used in
supraglacial pools with diameters less than 30 cm and
the 30.5-cm dipnet was used in supraglacial pools with
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diameters greater than 35 cm. Four to five dipnet sweeps
were made in each pool and we ensured that each dipnet
sweep sampled macroinvertebrates from the bottom
substrate, water column, and water surface. Captured
macroinvertebrates were preserved in 99 percent etha-
nol in the field. Macroinvertebrates were separated from
organic material in the laboratory and identified and
enumerated in the laboratory using a dissecting micro-
scope (7 to 40x magnification). All captured macro-
invertebrates were identified to family level using
taxonomic keys provided in Merritt et al. (2008).

Statistical analysis

We calculated the means and standard deviation of sur-
face area, water depth, ice to water surface depth, num-
ber of supraglacial pools within 5 m, substrate richness,
mean grain size, water temperature, conductivity, and
pH to describe the physical and chemical characteristics
of supraglacial pools. We used a t-test or Mann-Whitney
test to determine whether selected physical and chemical
characteristics differed between the upper and lower
ablation zones. For those physical and chemical
response variables that did not meet the assumptions
of normality and equal variance, the Mann-Whitney test
was used. We also calculated the mean and standard
deviation of the abundance of each macroinvertebrate
taxa captured. We used generalized linear model analy-
sis to determine whether the abundance of each macro-
invertebrate taxa differed between the upper and lower
ablation zones.

Our analyses to determine the best predictors of macro-
invertebrate abundance (number of animals captured) and
occurrence within supraglacial pools consisted of
a combination of generalized linear model analyses and
Akaike’s information criterion analyses. First, we selected
thirteen predictors and conducted univariate generalized
linear model analyses to identify which predictors signifi-
cantly influenced our six response variables (Chironomidae
abundance, Chironomidae occurrence, Isotomidae abun-
dance, Isotomidae occurrence, macroinvertebrate abun-
dance [sum of Chironomidae and Isotomidae
abundance], and macroinvertebrate occurrence [occur-
rence of Chironomidae and/ or Isotomidae]). Our thirteen
predictors were (1) surface area, (2) mean water depth, (3)
mean ice surface-to-water surface depth, (4) the difference
in distance of northern and southern glacier boundaries, (5)
distance to closest supraglacial pool, (6) number of supra-
glacial pools within 5 m, (7) ablation zone (upper or lower),
(8) substrate richness, (9) mean grain size, (10) water tem-
perature, (11) pH, (12) conductivity, and (13) turbidity.
These thirteen environmental predictors were selected
from among twenty-four environmental variables that we
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calculated from our physical and chemical measurements.
Eleven predictors were selected because preliminary
Pearson correlation analyses indicated that they did not
exhibit strong relationships (i.e., 7 > 0.6 or r < —0.6 and
p < .05) with other predictors, which ensures that the multi-
variate models used in the second part of our analyses (see
next paragraph for more details) are not influenced by
multicollinearity, which can lead to spurious results. Two
predictors (ablation zone and number of supraglacial pools
within 5 m) were strongly correlated with each other (r >
0.9, p < .05) but were retained because we felt they might be
important determinants of macroinvertebrate abundance
and occurrence. Specifically, ablation zone was retained
because it is a proxy for elevation and others have explored
the influence of elevation on physical habitat variables and
meiofauna in cryoconite holes (Gerdel and Drouet 1960;
Takeuchi et al. 2018; Zawierucha et al. 2018). The number
of supraglacial pools within 5 m was retained because it
serves as an indicator of the number of available local
sources of colonists immediately adjacent to the sampled
pools.

The second step in determining the best predictors
was to develop all possible univariate and multivariate
generalized linear models with those predictor variables
that we observed to have a significant effect (p <.05) on
our six response variables in the initial univariate gen-
eralized linear model analyses. We then conducted
multimodel inference analyses to identify which model
best predicted the abundance and occurrence of
Chironomidae, Isotomidae, and macroinvertebrates in
supraglacial pools. Our multimodel inference analyses
consisted of obtaining the small sample Akaike informa-
tion criterion (AICc) score, AAICc (the difference in
AICc between each model and the model with the mini-
mum AICc), and the Akaike weight (Wi; Burnham and
Anderson 2002; Johnson and Omland 2004). We also
calculated percentage deviance [100 * (null deviance —
residual deviance/null deviance)] of each model, which
is an additional model diagnostic that indicates the
amount of deviance accounted for in the model and is
analogous to the well-known R? statistic (Guisan and
Zimmermann 2000). We based our multimodel infer-
ence analysis on the AICc because the ratio of n/K was
less than 40 for all models (Burnham and Anderson
2002; Johnson and Omland 2004). Multimodel inference
analyses involving univariate and multivariate models
were only conducted for Isotomidae abundance, macro-
invertebrate abundance, and Isotomidae occurrence.

All statistical analyses were conducted with R (R Core
Team 2017). t-Tests and Mann-Whitney tests were con-
ducted with the t.test function in the stats package (R
Core Team 2017). Pearson correlation analyses were
conducted with the cor.test function from the stats

package (R Core Team 2017). Generalized linear model
analyses with abundance response variables were con-
ducted with the negative binomial distribution using the
glm.nb function from the MASS package (Venables and
Ripley 2002). Generalized linear model analyses with
occurrence response variables were conducted with the
binomial distribution using the glm function within
stats package (R Core Team 2017). AICc values were
obtained with the AICc function within the
AlCcmodavg package (Mazerolle 2020).

Results
Physical and chemical characteristics

Mean LW of all Hailuogou Glacier supraglacial pools
sampled was 49.8 cm (SD = 28.9) and the mean area
was 3,539 cm? (SD = 6655). Mean water depth of
Hailuogou Glacier supraglacial pools was 42 cm (SD =
57) and mean ice to water surface depth was 16 cm (SD =
20). Twenty-four percent of the pools contained water at
the surface of the ice and 52 percent of the pools had mean
ice to water surface depths of less than 10 cm. The mean
number of supraglacial pools within 5 m was 0.5 (SD =
0.6). Mean grain size within the pools was 12.5 mm (SD =
8.2) and mean substrate richness was 10.0 (SD = 3.19),
which reflected the heterogeneity of substrate sizes on
debris-covered glaciers. Water temperatures within
Hailuogou Glacier supraglacial pools ranged from super-
cooled (-0.01°C) to 4.5°C with an overall mean water
temperature of 0.70°C (SD = 0.98). The mean conductiv-
ity was 20.78 pS/cm (SD = 14.03) and the pH of the water
was 7.76 (SD = 0.70) in the supraglacial pools sampled.
The only environmental variable that differed (p <.05)
between the upper and lower ablation zones was the
number of supraglacial pools within 5 m with the upper
ablation zone having a greater number of supraglacial
pools within 5 m than the lower ablation zone (Table 2).

Macroinvertebrates

We documented two macroinvertebrate families from
forty-six captures during our two-year study. All speci-
mens captured were either larval Chironomidae (Diptera,
midges) or Isotomidae (Collembola, springtails). During
sampling we noted Isotomidae on the surface of the water.
Eighteen of the forty-six supraglacial pools contained
Chironomidae, twenty-three of the forty-six supraglacial
pools contained Isotomidae, and nine pools contained
both taxa. The mean Chironomidae abundance of all
Hailuogou Glacier supraglacial pools was 0.8 (SD = 1.6)
and the mean Isotomidae abundance was 4.4 (SD = 12.5).
Chironomidae abundance did not differ between the



Table 2. Mean (SD) of selected environmental variables and
macroinvertebrate families in forty-six supraglacial pools within
the upper and lower ablation zones on the Hailuogou Glacier in
Ganze Tibetan Autonomous Region, China, June 2018 and
August 2019.

Upper ablation  Lower ablation
zone zone
Environmental variables
Mean LW (cm) 52.92(31.96)a 43.66(21.20)a
Area (cm?) 4200 (8000)a 2500 (2500)a
Mean water depth (m) 0.47 (0.66)a 0.31(0.29)a
Mean surface ice to water surface 0.20 (0.23)a 0.08 (0.08)a
depth (m)
Number of cryoconite holes within 0.61(0.67)a 0.13 (0.35)b
5m
Mean grain size (mm) 11.51 (6.99)a 14.63 (10.20)a
Substrate richness 10.06 (3.18)a 9.93 (3.33)a
Water temperature (°C) 0.80 (1.07)a 0.49 (0.76)a
Conductivity (uS/cm) 2110 (14.91)a  20.13 (12.50)a
pH 7.86 (0.37)a 7.56 (1.11)a
Macroinvertebrate families
Isotomidae abundance 5.84 (14.97)a 1.53 (2.45)b
Chironomidae abundance 0.55 (0.93)a 1.40 (2.44)a

Note. Different letters within the rows indicate significant differences
(p < .05) between the upper and lower ablation zones.

upper and lower ablation zones (Table 2). Isotomidae
abundance was greater (p < .05) in the upper ablation
zone than in the lower ablation zone (Table 2).

Evaluation of the best predictors

Chironomidae abundance was not influenced signifi-
cantly (p > .05) by any of the thirteen environmental
variables (Table 3). Isotomidae abundance exhibited
a negative relationship with water temperature, conduc-
tivity, and ablation zone and a positive relationship with
ice to water surface depth and number of supraglacial
pools within 5 m (Table 3). Macroinvertebrate abun-
dance was negatively correlated with conductivity and
positively correlated with number of pools within 5 m
and ice to water surface depth (Table 3). Chironomidae
occurrence was not significantly correlated (p > .05) with
any of the measured environmental variables (Table 3).
Isotomidae occurrence was negatively correlated with
conductivity and positively correlated with mean water
depth (Table 3). Macroinvertebrate occurrence was
negatively correlated with conductivity (Table 3).

The univariate model of conductivity was identified as the
best model to predict macroinvertebrate occurrence because it
was the only environmental predictor significantly (p < .05)
correlated with this response variable (Table 3, Figure 2). The
best model for predicting Isotomidae abundance was a two-
variable model consisting of conductivity and mean ice
towater surface depth (Table 4), which highlighted the negative
correlation of conductivity and positive correlation of mean ice
to water surface depth with Isotomidae abundance (Figure 2).
The best Isotomidae abundance model had the lowest absolute
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AICc value and the greatest Wi value from among all models
(Table 4, Table S2). Five models (Water temperature +
Conductivity + Ice to water surface depth; Conductivity +
Number of supraglacial pools within 5 m; Water temperature
+ Conductivity + Number of supraglacial pools within 5 m;
Conductivity + Ice to water surface depth + Number of
supraglacial pools within 5 m; Conductivity + Ice to water
surface depth + Ablation zone) exhibited AICc values within 2
AlICc units of the best Isotomidae abundance model (Table 4,
Table S2), which indicates that there is substantial support for
these five models based on the AICc values (Burnham and
Anderson 2002). However, the Wi values for these five models
exhibited between 33 and 61 percent difference from the best
Isotomidae abundance model (Table 4, Table S2), which sup-
ports our identification of the Conductivity + Ice to water
surface model as the best Isotomidae abundance model. We
did note that the best Isotomidae abundance model did not
have the greatest percentage deviance values (Table 4, Table
S2). However, percentage deviance values increased with num-
ber of environmental predictors in a model (i.e., k; Table S2),
which suggests that percentage deviance values should only be
compared among models with the same number of environ-
mental predictors. The best Isotomidae abundance model
exhibited the greatest percentage deviance from among all
two variable models and it was similar (+2 percent) in percen-
tage deviance to the second best Isotomidae abundance model
with three variables (water temperature, conductivity, and ice
to water surface depth; Table 4, Table S2).

The best model predicting macroinvertebrate abun-
dance in supraglacial pools was a two-variable model
with conductivity and number of supraglacial pools within
5 m (Table 4) that documented the negative correlation of
conductivity and positive relationship between number of
supraglacial pools within 5 m and macroinvertebrate abun-
dance (Figure 2). The best macroinvertebrate abundance
model was less than 2 AIC units from a three-factor model
with Conductivity + Number of supraglacial pools within
5m + Ice to water surface depth (Table 4). However, the
Wi value for the three-factor model was 58 percent differ-
ent from the best macroinvertebrate abundance model,
which supports our identification of the two-factor model
with Conductivity + Number of supraglacial pools within
5 m as the best model. The best two-factor model for
macroinvertebrate abundance did not have the greatest
percentage deviance, which again supports using this
metric only for comparing models with the same number
of environmental predictors.

Two models for Isotomidae occurrence (Conductivity
and Conductivity + Mean water depth) were within two
AICc units of each other, with the two-factor model
having the lowest AICc value (Table 4). The Wi value
for the two-factor model was only 11 percent higher than
that for the univariate model with conductivity. However,
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Table 3. Generalized linear model analysis results of the relationships of macroinvertebrate response variables with thirteen physical,

chemical, and glacier landscape variables within supraglacial pools on the Hailuogou Glacier, Ganze Tibetan Autonomous Region,
China, June 2018 and August 2019.

Response variable Independent variable(s) Estimate p
Chironomidae abundance Water temperature, pH, conductivity, turbidity, mean water depth, surface area, mean ice to water — >.070
surface depth, distance from north to south boundary, distance to closest pool, number of pools
within 5 m, ablation zone, substrate richness, mean grain size
Isotomidae abundance Water temperature -1.359 .019
Isotomidae abundance Conductivity -120.566 <.001
Isotomidae abundance Mean ice to water surface depth 3.899 .006
Isotomidae abundance Number of holes within 5 m 1.122 .009
Isotomidae abundance Ablation zone -1.337 .042
Isotomidae abundance pH, turbidity, mean water depth, surface area, distance from north to south boundary, distance of — >.120
closest pool, substrate richness, mean grain size
Macroinvertebrate abundance Conductivity -99.195 <.001
Macroinvertebrate abundance Mean ice to water surface depth 3.002 .005
Macroinvertebrate abundance Number of holes within 5 m 1.041 <.001
Macroinvertebrate abundance Water temperature, pH, turbidity, mean water depth, surface area, distance from north and south — >110
boundaries, distance of closest pool, ablation zone, substrate richness, mean grain size
Chironomidae occurrence Water temperature, pH, conductivity, turbidity, mean water depth, surface area, mean ice to water — >.050
surface depth, distance from north to south boundary, distance to closest pool, number of pools
within 5 m, ablation zone, substrate richness, mean grain size
Isotomidae occurrence Conductivity -156.190 .002
Isotomidae occurrence Mean water depth 2.042 .046
Isotomidae occurrence Water temperature, pH, turbidity, surface area, mean ice to water surface depth, distance from north — >.090
and south boundaries, distance of closest pool, number of pools within 5 m, ablation zone,
substrate richness, mean grain size
Macroinvertebrate occurrence Conductivity -151.293 .002
Macroinvertebrate occurrence Water temperature, pH, turbidity, mean water depth, surface area, mean ice to water surface depth, — >.280

distance from north and south boundaries, distance of closest pool, number of pools within 5 m,
ablation zone, substrate richness, mean grain size

Note. Environmental variables that had a significant effect (p < .05) were used within our multimodel inference analyses. Details from the results of

environmental variables with nonsignificant results (p <.05) are provided in the Supplementary Material Table S1.

within the two-variable model only conductivity had
a significant effect (p < .05) on Isotomidae occurrence.
Therefore, we selected the univariate model documenting
a negative relationship between Isotomidae occurrence
and conductivity as the best model to predict
Isotomidae occurrence (Figure 2).

Discussion

Comparison of physical and chemical characteristics
between supraglacial pools and cryoconite holes

One of the most interesting differences between the supra-
glacial pools of a debris-covered glacier and cryoconite
holes from other regions is the greater diversity of supra-
glacial pool shapes, sizes, water depths, and ice to water
surface depths found on the Hailuogou Glacier. Cryoconite
holes are cylindrical (Porazinska et al. 2004), near-vertical
tubes (Tranter et al. 2004), D-shaped on north-facing
slopes, and elongated after sediment-driven dynamics
merge multiple cylindrical holes (Cook et al. 2018).
Cryoconite holes have been noted with shallow profiles
and indistinct edge boundaries on the Greenland Ice
Sheet (Zawierucha et al. 2018). Supraglacial pools on the
Hailugou Glacier exhibited all of the described cryoconite

hole shapes as well as ovoid, rectangular, and irregular
polygon shapes (Figure 3). The shape of supraglacial
pools on debris-covered glaciers may be a result of many
factors, including the stippled surface of the glacier (e.g.,
small crevasses), differential heating due to topography
shading effects, diurnal melt patterns causing frequent
movement of debris into the pools, and large debris on
the glacier surface near the pools. Thermal characteristics
of debris and the movement of the debris into pools could
be elongating the shape of pools such as those seen on the
Hailuogou Glacier at the base of small crevasses (Figure 3).
In addition, as a temperate glacier, melt patterns may be
created that allow meltwater pools to expand deep within
the glacier during the ablation season.

The mean LW of supraglacial pools on the Hailuogou
Glacier was greater than the mean diameters of cryoconite
holes in Greenland, Canada, Italy, Nepal, Antarctica, and
King George Island (Table 1). Additionally, the maximum
LW from Hailuogou Glacier (228 cm) was greater than the
maximum diameter of cryoconite holes on the Greenland
Ice Cap (>100 cm; Gerdel and Drouet 1960). This difference
may be due to a tendency for studies to focus on higher
elevation areas where cryoconite is located and not on the
ablation zones close to the glacier or ice sheet termini. Cook
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Figure 2. Predicted relationships between (a) Isotomidae occurrence and conductivity, (b) macroinvertebrate occurrence and
conductivity, (c) Isotomidae abundance and conductivity, (d) Isotomidae abundance and mean ice to water surface depth, (e)
macroinvertebrate abundance and conductivity, and (f) macroinvertebrate abundance and number of supraglacial pools within 5 m
within supraglacial pools on the Hailuogou Glacier, Ganze Tibetan Autonomous Region, China, June 2018 and August 2019.

et al. (2010) noted decreasing sizes of cryoconite holes with
increasing elevation on the Greenland Ice Sheet.
Understanding how the sizes of cryoconite holes and supra-
glacial pools vary with distance from the glacier termini
would confirm whether there is a gradient of meltwater
habitat sizes on glaciers and ice sheets. Our findings suggest
that the frequency of supraglacial pools with mean LW less
than 5 cm is very low on the Hailuogou Glacier.
Additionally, the mean surface area of Hailuogou Glacier
supraglacial pools was between 2.1 to 5.5 times larger than

the surface area of the cryoconite holes on Svalbard,
Canada, and Antarctica (Table 1). The maximum surface
area we observed (45,725 cm?) was greater than the max-
imum surface areas found in Greenland and Antarctica
(Table 1). The greater sizes we observed in supraglacial
pools might be a function of our focus on sampling pools
likely to hold macroinvertebrates. A more comprehensive
study of the size frequency distribution of supraglacial pools
on debris-covered glaciers throughout the ablation season
is needed.
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Table 4. Summary of the number of parameters (k), small sample Akaike information criterion (AlICc), difference in AlCc between each
model and the model with the minimum AICc (AAICc), Akaike weight (Wi), and percentage deviance (%Dev) from the three best
models of the generalized linear model analyses of Isotomidae abundance, macroinvertebrate abundance, Isotomidae occurrence
selected environmental predictors within supraglacial pools on the Hailuogou Glacier, Ganze Tibetan Autonomous Region, China,
June 2018 and August 2019.

Response variable Independent variable k AlCc AAICc Wi %Dev
Isotomidae abundance C, IWSD 2 189.32 0.00 0.18 43.01
Isotomidae abundance WT, C, IWSD 3 190.18 0.86 0.12 45.29
Isotomidae abundance C, NP5M 2 190.56 1.25 0.10 41.07
Macroinvertebrate abundance C, NP5M 2 216.70 0.00 0.62 50.70
Macroinvertebrate abundance C, NP5M, IWSD 3 218.45 1.75 0.26 51.78
Macroinvertebrate abundance C, IWSD 2 220.51 3.81 0.09 0.00
Isotomidae occurrence C, MWD 2 48.08 0.00 0.53 34.91
Isotomidae occurrence C 1 48.32 0.24 0.47 30.93
Isotomidae occurrence MWD 1 61.61 13.53 0.00 10.09

Notes. Additional details from the results of twenty-four additional Isotomidae abundance models and four macroinvertebrate abundance models are available
in the Supplementary Materials Table S2. C = conductivity; IWSD = mean ice to water surface depth; WT = water temperature; NH5M = number of pools within
5 m; MWD = mean water depth.

Figure 3. Photographs of Hailuogou Glacier supraglacial pools that depict the various shapes and different ice surface—to-water
depths observed. Some supraglacial pools had (a), (d) water located at the surface of the ice and others had (b), (e) water levels below
the surface of the glacier ice. (c) The genesis of a pool was captured in the upper zone of the ablation tongue. (f) Typical sediment
sampled in a supraglacial pool, (g) sediment precipitously positioned on ice above a pool, and (h) the formation of a pool at the base of
a small crevasse. The velocity meter in the images is 1.14 m long.

Comparisons of supraglacial meltwater habitats on ~ dynamics of the formation of supraglacial pools and
the accumulation zone and ablation zones of the same  cryoconite holes at different elevations. We observed
glaciers/ice sheets are needed to understand the one small depression with sand substrate that appeared



to be the beginning stages of a supraglacial pool on the
upper ablation zone underneath a boulder on an ice
mound (Figure 3). Documenting the genesis of debris-
covered supraglacial pools would add to our under-
standing of how elevation and location influences the
formation of these glacial meltwater habitats and may
give insights into factors influencing biotic community
development.

Mean supraglacial pool water depth and maximum
water depths on the Hailuogou Glacier were greater than
the mean and maximum water depths from cryoconite
holes in Svalbard, Greenland, Canada, Nepal, and
Antarctica (Table 1). The greater mean water depths in
Hailuogou Glacier supraglacial pools could be due to the
polythermal nature of the temperate monsoonal glacier
ice, pool age, or the movement of the glacier extending
the pools deeper within the glacier. However, until the
genesis and development of supraglacial pools on deb-
ris-covered glaciers are quantified, these and other
mechanisms including biotic ones cannot be ruled out
as influential in their formation.

The sediment in the Hailuogou Glacier supraglacial
pools consists of a heterogeneous mixture of loose, inor-
ganic sediment ranging from fine silt (<1 mm) to large
boulders (>256 mm). The difference in sediment types
and sizes we observed in Hailuogou Glacier supraglacial
pools could be due to a combination of the available
sediment sources including ice falls, debris flows, and
supraglacial substrate movement from steep gradient ice
on the glacier surface (Figure 3). Cryoconite is essen-
tially sand covered with layers of periphyton and hetero-
trophic microorganisms (Takeuchi et al. 2000; Mueller
et al. 2001; Tranter et al. 2004; Hodson et al. 2008), so
a comparison of periphyton and heterotrophic micro-
organisms on larger substrate from supraglacial pools
with that on cryoconite would enhance the understand-
ing of ecological differences between supraglacial habitat
types and primary productivity. We did not observe the
accumulation of autotrophic and heterotrophic micro-
organisms wrapped around sand grains in Hailuogou
Glacier supraglacial pools. Occasionally, we observed
periphyton and/or moss growing on cobble and boulder
substrates in shallow supraglacial pools. The difference
between cryoconite substrate and supraglacial pool sub-
strate sizes may create ecological conditions on debris-
covered glaciers that attract colonization of
macroinvertebrates.

The mean pH values observed in Hailuogou Glacier
supraglacial pools were neutral and fell within the range
of mean pH values from cryoconite holes in Svalbard,
Greenland, Canada, and Antarctica (Table 1). Mean
conductivity from Hailuogou Glacier supraglacial pools
fell within the range of observed conductivity values
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from cryoconite holes in Svalbard, Canada, Italy, and
Antarctica (Table 1). The range of water temperatures
(—0.01°C to 4.5°C) we observed from Hailuogou Glacier
supraglacial pools from late May to early August of 2018
and 2019 encompassed warmer water temperatures than
the range of water temperatures from cryoconite holes
in Svalbard, Canada, and Antarctica, which did not
exceed 2.0°C (Table 1). However, only three of the forty-
six Hailuogou Glacier supraglacial pools had water tem-
peratures higher than 2°C (3°C-4.5°C). These three
supraglacial pools had lower mean water depths
(6.7 cm) than the other forty-three supraglacial pools
that had water temperatures lower than 2.0°C and
greater mean water depths (39.2 cm). These shallow
pools also contained gravel and sand substrate, which
may have played in the role of increasing the water
temperature. However, comparisons of our observed
water temperatures with others are likely confounded
by different climatic conditions in the temperate mon-
soon region compared to polar, temperate, and other
climate regimes where cryoconite hole studies were per-
formed. Future research controlling for temporal varia-
tion in water temperature is needed to determine the
influence of debris and the monsoon climate on water
temperatures in supraglacial pools.

Comparison of macroinvertebrate fauna and
habitat relationships between supraglacial pools
and cryoconite holes

Natural history surveys of cryoconite holes documented the
meiofauna (<500 pm in size) taxa Rotifera, Tardigrada, and
Copepoda and the macroinvertebrate (>500 pm in size)
taxa Chironomidae within cryoconite holes on glaciers in
Asia (Zawierucha et al. 2015). Our documentation of
Chironomidae from Hailuogou Glacier cryoconite holes is
consistent with these findings from Asia. Chironomidae are
common macroinvertebrates found in glacier stream sites
located within in the metakryal zone of the Hailuogou
Glacier (Fair 2017), and their occurrence in Hailuogou
Glacier supraglacial pools was anticipated. Our results also
represent the first documentation of Collembola from melt-
water habitats (i.e., cryoconite holes and supraglacial pools)
on glaciers in Asia. Previously, Collembola have been docu-
mented from cryoconite holes on the Tyndall Glacier in
Patagonia, Chile (Takeuchi and Kohshima 2004;
Zawierucha et al. 2015), the Forni Glacier in Italy
(Zawierucha, Buda, Azzoni et al. 2019), and the Adishi
Glacier in Georgia (Makowska et al. 2016). Additionally,
Collembola were found within meltwater ponds in Alaska
and British Columbia (Fjellberg 2010). Our sampling
method was designed to capture macroinvertebrates, not
the meiofauna taxa that have been documented in Asian
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cryoconite holes (Zawierucha et al. 2015). Future research
in supraglacial pools in Tibet needs to use sampling meth-
ods capable of capturing meiofauna to determine whether
they are a constituent of the supraglacial pool communities.

We quantified that Isotomidae occurrence, Isotomidae
abundance, macroinvertebrate abundance, and macroin-
vertebrate occurrence were correlated with water chem-
istry variables (i.e., water temperature, conductivity),
physical habitat variables (mean water depth, mean ice-
to-surface water depth), and glacier environmental vari-
ables (ablation zone, number of supraglacial pools within
5 m). Studies evaluating the habitat relationships of the
meijofauna taxa documented that Tardigrada density,
Tardigrada occurrence, and Rotifera density were corre-
lated with water chemistry variables (pH, nutrient con-

centrations), physical habitat variables (cryoconite hole
diameter), and climatic variables (storm events) in cryo-
conite holes in Svalbard and Antarctica (Porazinska et al.
2004; Vonnahme et al. 2016; Zawierucha, Ostrowska et al.
2016; Zawierucha, Buda, and Nawrot 2019). Our results
represent the first documentation of the importance of
conductivity for the occurrence and abundance of macro-
invertebrates in supraglacial pools. We suspect that con-
ductivity may be serving as an indicator of supraglacial
pool nutrient concentrations and future research needs to
evaluate the relationships of macroinvertebrates with
nutrient concentrations. Our results and those from
Svalbard and Antarctica (Porazinska et al. 2004;
Vonnahme et al. 2016; Zawierucha, Ostrowska et al.
2016) suggest the importance of water chemistry variables
and physical habitat variables for the meiofauna and
macroinvertebrate communities in cryoconite holes and
supraglacial pools.

We were surprised that none of the selected water
chemistry, physical habitat, and glacier environmental
variables had a significant relationship with
Chironomidae abundance and occurrence. We had
expected to observe relationships of Chironomidae with
water temperature because of the well-known affinity of
cryophilic Diamesinae chironomids with near-freezing
water temperature and the close distance of the glacier to
glacial melt streams (Milner 2016). We also thought the
Hailuogou Glacier streams would serve as a potential
source of Chironomidae for supraglacial pools because
Chironomidae are common within stream communities
located near the snout of the Hailuogou Glacier (Fair
2017). Rotifera and Tardigrada exhibited relationships
with environmental variables in several studies
(Porazinska et al. 2004, Vonnahme et al. 2016;
Zawierucha, Ostrowska et al. 2016), but studies in
Svalbard and Greenland documented that Rotifera and
Tardigrada abundances were not correlated with water
depth, pH, nutrient concentrations, or elevation

(Zawierucha, Vonnahme et al. 2016; Zawierucha et al.
2018; Zawierucha, Buda, and Nawrot 2019). The lack of
significant environmental relationships in these studies
was attributed to the cryoconite holes being unstable as
a result of lacking an ice cap, melting conditions, and
flushing events from storms. Perhaps our observation of
Chironomidae not exhibiting significant correlations with
any measured environmental variable reflects the unstable
nature of Hailuogou Glacier supraglacial pools.
Alternatively, perhaps adult Chironomidae randomly
selected supraglacial pools to deposit eggs or responded
to an unmeasured environmental variable. Moreover, the
timing of our sampling may have corresponded with
a postemergence period for Chironomidae and the low
number of Chironomidae larvae observed were the late
emergers that remained. Future research needs to evaluate
whether Chironomidae habitat relationships in supragla-
cial pools fluctuate seasonally as a result of storm events,
insect emergence cycles, and/or availability of periphyton
food resources.

We also identified that the best models to predict the
abundance and occurrence of Isotomidae and macroin-
vertebrates all contained conductivity either in
a univariate model or in a two-variable multivariate
model along with either a physical habitat variable
(mean ice to water surface depth) or a glacier landscape
variable (number of supraglacial pools within 5 m). These
results highlight the need for future research to identify
the causal mechanisms underlying the relationships
between the abundance and occurrence of Isotomidae
and macroinvertebrates with conductivity in supraglacial
pools. Notably, the relationship of Isotomidae with con-
ductivity and mean ice to water surface depth was unex-
pected. Isotomidae are semi-aquatic macroinvertebrates
found in a range of glacier habitat types from glacial ice
fields to meltwater pools to glacier streams (Fjellberg
2010). Collembola within glacial meltwater habitats have
been observed on the water surface and underwater on
the benthic sediment (Takeuchi and Kohshima 2004;
Zawierucha, Buda, Azzoni et al. 2019). Semi-aquatic
Collembola typically live on the water surface and on
vegetation at the edges of aquatic habitats, but some
species have been documented to survive up to forty
days underwater (Deharveng, D’'Haese, and Bedos
2008). However, little is known about the habitat relation-
ships of Collembola in glacial meltwater habitats.
Isotomidae and other Collembola possess a collophore
with an eversible vesicle that absorbs water, chloride,
sodium, potassium, and hydrogen and excretes ammonia
(Eisenbeis 1982; Konopova, Kolosov, and O’Donnell
2019). Perhaps this osmoregulatory appendage combined
with its surface-dwelling habit explains why Isotomidae
abundance was able to increase with decreasing



conductivity levels. The association of Isotomidae with
increasing ice to water surface depth may be due to
increasing protection from the wind and other climatic
variables. Additionally, the supraglacial pools with large
ice to water surface depths may have functioned like pit-
fall traps for Isotomidae originating from areas adjacent
to the pools. We recommend that future research quantify
Collembola microhabitat use and explore how their
microhabitat preferences influence their responses to
environmental variables in glacial meltwater habitats.

Conclusions

Supraglacial pools on a debris-covered glacier in southeast
Tibet have a wide range of shapes, are larger and deeper,
and contain a greater diversity of substrate sizes than
cryoconite holes from polar regions and colder glaciers
in High Mountain Asia. We also found that the studied
supraglacial pools frequently contained two macroinver-
tebrate taxa that do not occur regularly in cryoconite
holes on clean glaciers from other parts of the world.
Additionally, our results highlighted the novel relation-
ships of the abundance and occurrence of these two
macroinvertebrate taxa with conductivity within supra-
glacial pools of this debris-covered glacier. Our results
also highlight that supraglacial pools on a debris-
covered glacier in southeast Tibet are unique physically,
chemically, and biologically compared to cryoconite holes
from other parts of the world. Future research needs to
quantitatively compare the differences between supragla-
cial pools on debris-covered glaciers and those on clean
glaciers in the region and around the world to increase
our understanding of these unique ecosystems that are
threatened by climate change.
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