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Abstract
The fauna of streams in the High Arctic, dominated by chironomids, is shaped by extreme environmental conditions that 
represent the physiological limits for benthic invertebrates. Despite their ecological importance, little is known of chirono-
mid life histories, development strategies and the key abiotic drivers limiting larval growth in High Arctic streams. We 
investigated the larval development and growth in three High Arctic rivers with contrasting water sources, thermal regimes 
and nutrient characteristics. Populations of the larvae of Diamesa bohemani (Goetghebuer 1932) and Diamesa aberrata 
(Lundbeck 1898) from two sampling occasions in July and August 2016 were morphometrically analysed to determine life 
history patterns and instream productivity. Water temperature differences lead to diverging development patterns on local 
spatial scales. The lowest larval growth was in a groundwater/snowmelt fed stream with low food concentration and quality, 
suggesting that stream productivity is not primarily water source dependant, but is dependent on the nutrient supply. Glacially 
influenced streams are clearly more productive than previously assumed, resulting in comparable secondary production to 
groundwater/snowmelt-fed streams.
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Introduction

Streams in the High Arctic are situated in one of the most 
extreme climatic regions (e.g. Blaen et al. 2014). In addition 
to the harsh conditions, like year-round low temperatures, a 
very short snow- and ice-free season and often limited nutri-
ents, climate change effects are projected to alter freshwater 
ecosystems in the Arctic more drastically than anywhere 
else in the world (Lods-Crozet et al. 2001, 2007; Prowse 
et al. 2006; Wrona et al. 2006; Danks 2007; Vincent et al. 
2011; Blaen et al. 2013). Like in alpine regions, which are 

limited by similar environmental conditions (e.g. see Brittain 
and Milner 2001; Füreder 2007), rivers in the High Arctic 
are often influenced by a draining glacier in the catchment, 
leading to highly fluctuating discharges, high turbidity and 
low channel stability (Docherty et al. 2018a; Füreder and 
Niedrist 2020). Besides these kryal freshwaters (see Stef-
fan 1971; Füreder 2007) spring or snow-fed streams are 
comparatively benign ecosystems hypothesized to allow for 
higher benthic diversity and individual densities due to sta-
ble runoff conditions, little sediment load and increased algal 
growth (e.g. Brown et al. 2003; Lods-Crozet et al. 2007; 
Blaen et al. 2014). Nevertheless, both stream types in the 
High Arctic are characterized by only a few months per year 
of flow and above zero water temperatures, thus represent-
ing the physiological limit of habitable aquatic ecosystems 
for benthic invertebrates (Danks et al. 1994; Lencioni 2004; 
Lods-Crozet et al. 2007).

Only few, highly adapted organism groups inhabit these 
exceptionally harsh aquatic ecosystems (Hodkinson et al. 
1996; Brittain and Milner 2001; Friberg et al. 2001). Bio-
diversity of High Arctic streams is low (Lods-Crozet et al. 
2001; Blaen et al. 2014; Docherty et al. 2018b), especially 
on the island archipelago of Svalbard (Coulson et al. 2014) 
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where no Ephemeroptera, Plecoptera or Trichoptera are 
found in running waters. One of the most successful insect 
families, dominating the benthic fauna of high altitudinal 
and latitudinal streams, are the Chironomidae (Diptera), 
mainly from the genus Diamesa (Milner and Petts 1994; 
Brittain and Milner 2001; Friberg et al. 2001; Füreder 2007; 
Lods-Crozet et al. 2007; Schütz and Füreder 2018; Stur and 
Ekrem 2020). Larvae of cold-stenotherm Diamesa species 
can locally reach high densities and thereby significantly 
contribute to the otherwise short food chains of such harsh 
ecosystems (see Robinson et al. 2014; Niedrist and Füreder 
2017 for alpine streams). Despite their small body size, chi-
ronomid larvae play an essential role in the self-purification 
of the water bodies, feeding on autochthonous and alloch-
thonous organic matter and simultaneously representing a 
key food source for fish (e.g. Svenning et al. 2007; Nie-
drist and Füreder 2017). Once emerged, the aerial adults are 
an important food item for birds and their chicks in Arctic 
regions (Hodkinson et al. 1996). Hence, chironomids are an 
essential link in the aquatic and terrestric food chain of High 
Arctic ecosystems.

Despite their abundance and environmental significance, 
little is known of the ecology of High Arctic chironomid 
larvae and key environmental drivers. Nevertheless, water 
source dynamics have been shown to be of importance in 
structuring lotic chironomid communities in the High Arc-
tic (Lods-Crozet et al. 2007; Blaen et al. 2014). In addi-
tion, recent studies from the European Alps (Niedrist and 
Füreder 2018; Schütz and Füreder 2018) have increased our 
understanding of chironomid survival strategies. Schütz and 
Füreder (2018) documented life cycle dynamics and growth 
patterns of Diamesa (Chironomidae) larvae in a highly glaci-
ated alpine stream and found unexpectedly fast life cycles. 
They also reported significantly decreasing larval size with 
decreasing nutrient availability. Despite the very low water 
temperatures, the chironomid larvae in their sampled stream 
are obviously able to metabolize a nutritional surplus and 
hence grow significantly larger in their aquatic life stages. 
Recently, Füreder and Niedrist (2020) studied chironomid 
larval size along a natural harshness gradient of decreasing 
glacial cover in the river catchments but rising water tem-
peratures and found that increased benthic larval size may 
be a result of such environmental harshness, leading to a 
competitive advantage for large growing chironomid larvae 
in cold, highly glaciated streams.

Water temperature is also known to affect life history pat-
terns of benthic invertebrates like egg and larval develop-
ment time, timing of adult emergence and larval growth rates 
(e.g. Reynolds and Benke 2005; Sand and Brittain 2009; 
Schütz and Füreder 2018, 2019). In one of the few studies 
of cold-stream chironomids, Schütz and Füreder (2018) fol-
lowed chironomid larval development in a highly glaciated 
alpine stream along a narrow temperature gradient and found 

that larval life history was hardly affected by temperature. 
Other studies, involving greater temperature differences in 
cold lowland streams report considerable thermal influence 
on chironomid larval development (e.g. Nolte and Hoffmann 
1992), with increasing temperatures considerably accelerat-
ing chironomids larval development, leading to early emer-
gence. Comparable effects can be expected in High Arctic 
streams, but are still uncharted.

In this study we studied the influence of water tempera-
ture and nutrient availability on the life history and larval 
growth of key chironomid species in the High Arctic. Chi-
ronomid communities and key environmental components of 
two spring-fed and one glacier-fed stream on Svalbard were 
sampled twice a year to follow the larval development. We 
hypothesise that: (1) larval development is temperature and 
hence stream type dependent, leading to contrasting larval 
life strategies between different streams; (2) not only food 
quantity but also quality limits chironomid larval growth.

Materials and methods

Sampling sites

Sampling took place on Spitzbergen, the largest island of 
the Svalbard archipelago, close to Ny-Ålesund in July 2016 
and August 2016. Three streams with markedly different 
abiotic conditions were investigated on both occasions. The 
streams were: Bayelva (Fig. 1; sampled 23 July 2016 and 
24 August 2016), a glacier-fed (kryal, according to Stef-
fan 1971) river close to Ny-Ålesund; Londonelva (Fig. 1; 
sampled on 22 July 2016 and 24 August 2016); a spring-fed 
(rhithral, according to Steffan 1971) stream on the island 
Blomstrandhalvoya and Stuphalletelva (Fig. 1; sampled 
on 26 July 2016 and 23 August 2016), a second rhithral 
stream draining from the Stuphallet bird cliffs, north west 
of Ny-Ålesund.

Abiotic conditions

To characterise the key abiotic conditions on macroin-
vertebrate growth and life cycle patterns in the sampled 
streams, water temperature and nutrient supply were meas-
ured by the following methods. In each stream and on both 
sampling occasions the upper surface of three permanently 
wetted, flat stones (grain size 6.3 to 20 cm, as this grain 
size was dominant in each sampled stream) from the river 
bottom was brushed off, dissolved in 100 ml water and 
filtered in equal parts through two glassfibre filters (MN 
GF-3) to estimate the amount of chlorophyll a and organic 
material in order to estimate food availability for benthic 
invertebrates. The six rocks at each stream (three per 
sampling trip) were chosen randomly. The filters for the 
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estimation of organic material were muffled (2 h, 450 °C) 
and weighed before filtration. After filtration, these filters 
were dried (24 h, 60 °C), weighed, burned (2 h, 450 °C) 
and weighed again. Chlorophyll a on the second filter was 
analysed according to Lorenzen (1967). The brushed area 
of the stones was measured to obtain surface area. As 
Fuller et al. (2004) showed that chlorophyll a concentra-
tion of algae can influence benthic invertebrate densities in 
streams, we divided the amount of chlorophyll a (µg cm−2) 
by the amount of organic material (µg/cm2) on the brushed 
stones as measure of food quality, whereby a higher value 
indicates a higher amount of chlorophyll a and thus higher 
food quality. For stream characterisation, Mann–Whitney-
U tests (IBM SPSS 23, test considered significant with 
p < 0.05) compared the organic material on the substrate 
and its quality as potential food for benthic invertebrates. 
The two sampling trips and three replicates on each trip 
were treated as independent replicates in the tests. Data 
were not normally distributed. Besides the statistics, we 
also calculated means for organic matter and chlorophyll 
a on the stream bottom (OMStones; ChlaStones) and the food 
quality for each stream over the two sampling periods to 
allow for easier stream comparisons. Water temperature of 
the three investigated streams was tracked with dataloggers 
(Tidbit v2 Temp Logger, Onset) at 30-min intervals. Mean 
seasonal water temperature was calculated as the average 

of all mean daily temperatures between the two sampling 
trips (40 days, 22 July 2016 to 24 August 2016).

Biotic sampling and species selection

To follow chironomid life cycles and conclude on the larval 
growth, we sampled benthic larvae in the three streams in 
July 2016 and August 2016. On each sampling occasion, 
three replicate, semi-quantitative Surber Samples (0.084m2, 
100 µm mesh net) were taken from permanently wetted 
stream sections reflecting the typical grain size (micro-/
mesolithal at Londonelva and micro-/meso-/macrolithal 
at Bayelva and Stuphalletelva, whereby mesolithal was 
the dominating grain size in all streams) and habitat con-
ditions. The samples containing the benthic invertebrates 
were immediately preserved in 75% ethanol. Furthermore, 
adult chironomids were caught with a sweep net or by hand 
when sitting on the stream banks. These were also preserved 
in 75% ethanol. In the laboratory, all benthic invertebrates 
were handpicked from the Surber samples and the chirono-
mid larvae determined to species following available keys 
(Wiederholm 1983; Ferrarese and Rossaro 1981; Schmid 
1993; Janecek 1998; Makarchenko and Makarchenko 1999; 
Rossaro and Lencioni 2015a, b; Stur and Ekrem 2020). Chi-
ronomid pupae and adult chironomid males were also identi-
fied to species (keys: Serra-Tosio 1971; Wiederholm 1989; 

Fig. 1   Map of the sampling area close to Ny-Ålesund, on Svalbard`s 
largest island Spitzbergen with the three investigated streams: the 
glacier-fed Bayelva, spring-fed Londonelva and spring-fed Stuphal-
letelva. Arrows indicate the approximate location of the sampling 

site at each stream. Main mountain ranges shown as shaded grey or 
black areas glaciers as horizontally dashed areas and the location of 
Stuphallet bird cliffs as a diagonally dashed area
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Langton 1991; Langton and Pinder 2007) to support larval 
species identification.

In all three study streams near Ny-Ålesund ≥ 80% of 
benthic numbers were Chironomidae (Füreder and Brittain, 
unpublished data). In Stuphalletelva Oligochaeta accounted 
for about 18% of benthos numbers, but much less in the 
two other rivers (Füreder and Brittain, unpublished data). 
Among the Chironomidae, Diamesinae were almost totally 
dominant in the glacier-fed Bayelva, whereas in Londonelva 
and Stuphalletelva, Orthocladinae were well represented 
(Füreder and Brittain, unpublished data). Diamesa bohe-
mani (Goetghebuer 1932) and Diamesa aberrata (Lundbeck 
1898), two species of the chironomid subfamily Diamesinae, 
consistently occurred in all three sampled streams. There-
fore, larvae of these two species were used for the compara-
tive productivity and development analyses. Lods-Crozet 
et al. (2007) also recorded these two Diamesa in Bayelva 
and Londonelva, indicating the two chosen species perma-
nently inhabit at least two of the three sampled streams. On 
Stuphalletelva no comparable data are available.

Morphometric measurements, larval instars 
and secondary production

To classify larval instars for analyses of life history patterns 
and secondary production, each larva of the two considered 
species was morphometrically analysed according to Schütz 
and Füreder (2018). Thereby, larval length and the head cap-
sule width were measured for the classification of the four 
different larval instars. Larval instars were defined by dis-
playing the head capsule width as size frequency histogram 
where each peak represents an instar, as in Daly (1985) and 
Schütz and Füreder (2018). As the data were partially not 
normally distributed, we used Mann–Whitney-U tests (IBM 
SPSS 23, test considered significant with p < 0.05, if n < 3 
no test was run) to compare head capsule widths separately 
for both species and each larval instar between the three 
sampled streams. For these analysis samples of the two field 
trips of each stream were pooled.

We calculated the individual body mass (larval weight) 
of each larva according to Nolte (1990). We decided to 
calculate larval weight according to Nolte (1990) instead 
of drying and weighting the larvae, as larvae could not be 
separated completely from organic matter without tearing 
and disrupting them and hence potentially losing parts of 
the larval body. Contamination with organic matter would 
also have falsified the results. We compared larval weight 
separately for both species and each larval instar between 
the three sampled streams by using Mann–Whitney-U tests 
(IBM SPSS 23, test considered significant with p < 0.05, if 
n < 3 no test was run) as data were partially not normally dis-
tributed. Data from the two sampling trips were pooled for 
each stream and each species. Besides the statistics, we also 

computed means of larval weight over the two samplings 
for the two species and each larval instar for each stream.

To estimate the productivity of the three sampled streams, 
linear regression analyses relating larval weight and head 
capsule width for each of the two considered species sepa-
rately were plotted for the three streams, allowing estimation 
of the equations y = a + b*W (µm), with “W” as head capsule 
width (µm). Data from the two sampling trips were pooled 
for each stream and each species. Growth of larvae in length 
proved to be linear as in Schütz and Füreder (2018) and 
as larval length and weight are linear (Nolte 1990), linear 
regressions for estimation of larval weight from larval length 
as measure of productivity were chosen. To give comparable 
productivity measures of the three streams we calculated the 
larval secondary production as larval dry weight (m−2) for 
both species by summing up the larval weights of all individ-
uals from the three replicates from both sampling seasons.

Results

Abiotic stream characterisation

Water temperatures in the kryal river, Bayelva, were quite 
stable between the two sampling occasions, whereas the 
mean daily temperatures at the two spring-fed streams, Lon-
donelva and Stuphalletelva, decreased considerably during 
August (Fig. 2). The seasonal water temperature, defined as 
mean water temperature between the two benthos sampling 
dates (22 July–24 August 2016), of Bayelva was 3.01 °C 
and considerably lower compared to the two rhithral streams 
Stuphalletelva and Londonelva (Table 1, Fig. 2). Seasonal 
water temperatures in the two rhithral streams were about 

Fig. 2   Mean daily water temperatures (°C) with error bars repre-
senting the daily range of fluctuation of the three sampled streams 
between the two sampling occasions (22 July–24 August 2016). 
Whilst temperatures of the two spring fed streams decreased during 
summer and hardly differed, glacier fed Bayelva is characterised by 
comparably low but stable water temperatures throughout the period 
of record
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twice as warm as in glacier fed Bayelva (Table 1) and hardly 
differed.

There was a significantly higher amount of organic 
matter on the river bottom in Stuphalletelva compared to 
Londonelva (U = 36.0, Z = 2.882, p = 0.002) and Bayelva 
(U = 36.0, Z = 2.882, p = 0.002). The amount of organic 
matter was also significantly higher in Londonelva com-
pared to Bayelva (U = 33.0, Z = 2.402, p = 0.015). Food 
quality in Londonelva was significantly lower compared to 
Stuphalletelva (U = 36.0, Z = 2.882; p = 0.002) and Bayelva 
(U = 21.0, Z = − 2.882, p = 0.002). Food quality at Bayelva 
was higher than Stuphalletelva, although not significant.

Chironomid head capsule size and larval 
development

Measurements of head capsule widths allow for clear dif-
ferentiation of all four larval instars (L1-L4) of D. bohe-
mani and D. aberrata (Table 2). Whereas D. bohemani head 
capsule widths of the first three larval instars hardly dif-
fered among sites, there were significant differences in the 
fourth larval instar. D. bohemani L4 larvae from Stuphal-
letelva had significantly wider head capsules compared to 
Londonelva (U = 7165.0, Z = 3.404, p = 0.003) and Bayelva 
(U = 139,584.5, Z = 11.296, p < 0.000). L4 larvae from the 
kryal Bayelva had wider head capsules compared to those 
from Londonelva, although not significantly. Head cap-
sule widths of D. aberrata differed more clearly between 
the streams. L1 larvae at Stuphalletelva had significantly 
wider head capsules compared to those from Londonelva 

(U = 60.0; Z = 2.766, p = 0.001), the same was true for 
L2 larvae (U = 463.0, Z = 3.004, p = 0.003) and L3 larvae 
(U = 2847.4, Z = 5.172, p < 0.001). L4 head capsules of 
D. aberrata from Londonelva were significantly narrower 
compared to Bayelva (U = 150.0, Z = -3.287, p = 0.006) 
and Stuphalletelva (U = 29,033.0, Z = 15.175, p < 0.000). 
Head capsules from Stuphalletelva were significantly wider 
compared to those from Bayelva (U = 715.0, Z = 3.682, 
p < 0.000).

In the kryal Bayelva, the proportion of L4 larvae 
increased considerably from July to August for both spe-
cies, indicating a clear maturation of the larval community 
(Fig. 3). In August, the samples contained no L1 larvae of 
either species. Whereas no pupae or adults were present 
in July, August samples contained pupae of both species. 
Furthermore, flying adults of D. bohemani were caught in 
August. In the groundwater/snowmelt-fed Londonelva the 
same trend of a maturing community, indicated by a higher 
proportion of L4 larvae in August compared to July, was 
also observed (Fig. 3). However, the proportion of L1 lar-
vae in the August samples increased compared to the July 
samples. Pupae of both considered species were present in 
July and August, whereas adults of both species were only 
caught in August. The percentage of D. bohemani L4 larvae 
in Stuphalletelva decreased slightly from July to August, 
whereas clearly more D. aberrata L4 larvae were present 
in August compared to July (Fig. 3). Proportions of L1 lar-
vae decreased from July until August. Pupae of both species 
were present in July and August, but flying adults were only 
caught in August.

Table 1   Main abiotic conditions of the three sampled streams with seasonal water temperature (mean 22 July-24 August), organic material (OM) 
and chlorophyll a (Chla) on the benthic stones and the food quality for each stream. All values given as mean ± standard deviation

Stream Seasonal water tempera-
ture (°C)

OMStones (µg cm−2) ChlaStones (µg cm−2) Food quality (µgChla 
µgOM

−1)
n

Bayelva 3.01 ± 0.4 103.4 ± 52.9 0.36 ± 0.16 3.5 ± 0.6 6
Londonelva 6.01 ± 0.9 185.7 ± 37.6 0.13 ± 0.05 0.7 ± 0.2 6
Stuphalletelva 5.85 ± 1.5 1697.6 ± 1136.7 6.07 ± 4.65 3.35 ± 1.1 6

Table 2   Larval instar 
categorisation of Diamesa 
bohemani and Diamesa 
aberrata based on head capsule 
width of the larvae in all three 
streams. With individual 
numbers (n) and head width as 
mean ± standard deviation. †if 
n < 3, single values are given

Species Larval instar Bayelva Londonelva Stuphalletelva

Head width (µm) n Head width (µm) n Head width (µm) n

D. bohemani I 117.5 ± 13.1 5 107.1†, 103.2† 2 124.6 ± 10.3 103
II 185.2 ± 15.9 36 201.0 ± 31.5 4 195.9 ± 16.7 140
III 298.2 ± 21.8 97 323.5 ± 44.2 5 309.6 ± 25.9 217
IV 434.2 ± 28.9 194 421.4 ± 32.7 8 461.0 ± 30.4 960

D. aberrata I – 0 109.2 ± 5.9 20 125.9 ± 1.2 3
II 172.5 1 178.6 ± 14.1 43 193.3 ± 13.9 15
III 291.9; 310.1 2 284.1 ± 24.9 161 317.1 ± 17.5 21
IV 388.8 ± 20.3 6 355.7 ± 21.4 234 452.2 ± 31.9 126
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Larval weight and secondary production

In general, the weight of the first two larval instars of D. 
bohemani hardly differed between the three streams (Fig. 4). 
As the first two larval stages are usually very short, sig-
nificant size and weight differences cannot be expected and 
were not apparent. However, the larval weight of L3 lar-
vae from Stuphalletelva (mean: 0.139 mg) was higher as 
in Bayelva (mean: 0.097 mg; U = 13,751.000, Z = 4.341, 
p < 0.001) and twice as high compared to Londonelva (mean: 
0.067 mg; U = 681.000, Z = 1.949, p < 0.000). The differ-
ences between Bayelva and Londonelva were not statistically 
significant. L4 larvae also had a significantly higher weight 
in Stuphalletelva (mean: 0.598 mg) compared to Bayelva 
(mean: 0.299 mg; U = 151,588.000, Z = 13.965, p < 0.000) 
and Londonelva (mean: 0.282 mg; U = 9467.000, Z = 3.836, 
p = 0.001). It can easily be seen in Fig. 4 that the majority 
of L3 and especially L4 larvae found in Stuphalletelva had 
higher weights compared to the other two streams. Higher 
mean larval weights in Stuphalletelva are therefore not a 
result of single very heavy larvae raising the mean but arise 
from generally bigger and hence heavier larvae. Larvae from 
Bayelva were slightly heavier compared to Londonelva. 

Single larvae of Bayleva reached comparable sizes and 
weights to Stuphalletelva (Fig. 4). This might be due to the 
high nutrient quality found in Bayelva allowing for distinct 
larval growth despite the cold water temperatures.

Larval weight of the first two instars of D. aber-
rata was quite similar at all three streams (Fig. 4). As 
mentioned above, distinct differences in larval weights 
in the first two instars cannot be expected. However. 
L3 larvae from Stuphalletelva (mean: 0.153 mg) were 
nearly twice as heavy compared to Londonelva (mean: 
0.083 mg; U = 2764.000, Z = 4.802, p < 0.000). The sin-
gle L3 larvae from Bayelva (0.096) was heavier compared 
to Stuphalletelva, but lighter compared to Londonelva. 
L4-instars from Londonelva (mean: 0.166 mg) were sig-
nificantly lighter compared to Bayelva (mean: 0.302 mg; 
U = 236.000, Z = -2.775, p = 0.006) and Stuphalletelva 
(mean: 0.731 mg; U = 28,636.000, Z = 14.753, p < 0.000). 
L4 larvae from Bayelva were, however, also signifi-
cantly lighter compared to Stuphalletelva (U = 651.000, 
Z = 2.982, p = 0.003). Differences in larval weight of each 
individual measured become even more apparent in D. 

Fig. 3   Larval life stage proportions (L1–L4) of the two considered 
species with Diamesa bohemani on the left and Diamesa aberrata on 
the right, for both samplings (July and August) and all three streams. 
* indicates the presence of pupae (P), ↑ indicates the presence of 
adults (A)

Fig. 4   Comparison of larval weights of all four instars of Diamesa 
bohemani (top graphic) and Diamesa aberrata (bottom graphic) in 
the three streams, combined for both samplings. White filled sym-
bols as means (plus range) of head capsule width (x-axis) and larval 
weight (y-axis). If n < 3, white filled symbols represent the weight of 
single larvae (in this case without error bars). Displayed data points 
in grey shadings are single measured values
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aberrata than in D. bohemani (Fig. 4). L3 and L4 lar-
vae of D. aberrata in Stuphalletelva grew way bigger and 
heavier compared to the other two streams. While larvae 
from both species reach comparable size and weight in 
Stuphalletelva, larvae of D. aberrata in Bayelva and Lon-
donelva remain lighter and especially smaller compared 
to D. bohemani larvae.

Linear regressions (Table 3) show similar growth rate 
patterns for both species in the study streams. For both 
species, growth rates (slope in Table 3) were highest in 
Stuphalletelva followed by Bayelva and Londonelva. 
However, the three streams clearly differ in their benthic 
productivity. Following the growth rates, Stuphalletelva 
had the highest larval secondary production of all sampled 
streams (Fig. 5) with 190 mg m−2 larval biomass of D. 
aberrata and 1209 mg m−2 larval biomass of D. bohe-
mani. Considering D. aberrata, Londonelva produced 
higher larval biomass (106 mg m−2) compared to Bayelva 
(4 mg m−2). Secondary production of D. bohemani was 
higher in Bayelva (136 mg m−2) compared to Londonelva 
(6 mg m−2).

Discussion

In our study, we found variations in life history patterns, 
growth rates and larval weight of two chironomid species 
in three High Arctic streams that considerably varied in 
terms of water source, water temperature and food quantity 
and quality. Our results add new information on larval 
development, suggesting the possibility of univoltinism in 
High Arctic streams. Furthermore, we were able to show 
that chironomid larvae in glacier fed streams can have 
higher growth rates than larvae from the same species in 
spring/snow fed streams allowing for unexpected produc-
tivity of kryal ecosystems.

As expected, water temperatures were lowest in gla-
cier fed Bayelva. Water temperature is known to be an 
important factor influencing growth and development, 
especially in cold stream environments (e.g. Caissie 2006; 

Webb et al. 2008; Blaen et al. 2013). In contrast to alpine 
regions, where stream interactions with the atmosphere 
and groundwater have been extensively investigated (e.g. 
Brown et  al. 2006; Ühlinger et  al. 2010), temperature 
dynamics of high latitude streams are still barely under-
stood (Blaen et al. 2013; Docherty et al. 2018a). In the 
present study stream temperatures follow the trend shown 
in Blaen et al. (2013) of relatively stable low tempera-
tures in the glacier-fed Bayelva and higher mid-summer 
temperatures, decreasing during August in the spring/
snowmelt-fed streams.

Generally, glacier-fed streams are considered relatively 
nutrient poor compared to spring-fed streams because of 
the low water temperatures that inhibit algal growth (e.g. 
Blaen et al. 2013) and the high instability and abrasion of 
stone surfaces (Milner and Petts 1994; Brown et al. 2003). 
Samples from Bayelva followed this general assumption, 
characterized by the lowest amount of benthic organic 
matter of all three study streams. Nevertheless, the amount 
of benthic organic matter in Stuphalletelva was nearly ten 
times higher than in Londonelva, though both streams are 
spring/snow fed. This is likely due to the nesting bird colo-
nies on the Stuphallet cliffs (see also Blaen et al. 2013). 
Thousands of breeding seabirds fertilize the catchment 
area of Stuphalletelva leading to abundant moss growth 
below the cliffs and to an abundance of chlorophyll a rich, 
benthic organic matter in the stream (Blaen et al. 2014). 
Therefore, chlorophyll a concentrations in Londonelva 
were considerably lower compared to Stuphalletelva. Inter-
estingly, it was also lower than the glacier-fed Bayelva. 
Our results are in agreement with chlorophyll a concentra-
tions from a previous study in Bayelva and Stuphalletelva 
(Blaen et al. 2014) as well as in Londonelva (Lods-Crozet 
et al. 2007). Thus, benthic organic matter in Londonelva 

Table 3   Growth rates of Diamesa bohemani and Diamesa aber-
rata in the three sampled streams with intercept (a) and slope (b) of 
estimated equations of linear regression analyses, with coefficient of 
determination (R2); **p < 0.000, *p < 0.05

Species Stream a (intercept) b (slope) R2

D. bohemani Bayelva − 0.248 0.00126 0.462**
Londonelva − 0.177 0.00104 0.443*
Stuphalletelva − 0.394 0.00213 0.534**

D. aberrata Bayelva − 0.312 0.00155 0.534*
Londonelva − 0.142 0.00085 0.482**
Stuphalletelva − 0.703 0.00316 0.436**

Fig. 5   Secondary production of larval biomass (mgDW m−2) of Dia-
mesa aberrata (grey bars) and Diamesa bohemani (black bars) in the 
three sampled streams. Due to the high biomass of D. bohemani in 
Stuphalletelva, y-axis is broken
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had the significantly lowest food quality of the three sam-
pled streams. Unexpectedly, food quality in Bayelva was 
highest of the streams, although not significantly different 
from Stuphalletelva.

Larval community age structure

Water temperature is known to considerably affect the devel-
opment of benthic invertebrates, including chironomids (e.g. 
Nolte and Hoffmann 1992; Reynolds and Benke 2005; Han-
nesdottir et al. 2012; Schütz and Füreder 2018, 2019). Cold 
adapted species are hypothesized to be especially tempera-
ture sensitive (Lillehammer et al. 1989; Knispel et al. 2006; 
Schütz and Füreder 2018), which is why distinct differences 
in the larval development strategies in thermally differing, 
high latitude streams can be expected, although this has 
never been demonstrated so far. Proportions of larval life 
stages of D. bohemani and D. aberrata confirm this assump-
tion. The absence of pupae of both species in July at the 
significantly colder Bayelva, compared to the two ground-
water/snowmelt-fed streams where pupae of both species 
were present, indicate differing development scenarios of 
both species between the streams. Although D. bohemani 
caught up in August, indicated by the presence of pupae 
and adults, as in Londonelva and Stuphalletelva, D. aberrata 
seemed to be more temperature sensitive, lagging behind the 
groundwater/snowmelt-fed streams. Our results suggest a 
stream type dependant flight activity pattern of early flying 
chironomids at the two rhithral streams beginning in July 
and a later emergence season in the glacier-fed Bayelva in 
August, at least for D. bohemani. This leads to omnipres-
ent adult midges during summer, at least at the considered 
groundwater/snowmelt-fed streams, which is a notable point 
considering their importance in High Arctic food webs, such 
as food for nesting birds and their chicks (Hodkinson et al. 
1996; Stur and Ekrem 2020). Water temperature obviously 
shifts larval development of High Arctic chironomids lead-
ing to diverging life strategies of the two considered spe-
cies on small spatial scales. Within only a few kilometres, 
larval life histories vary considerably leading to a more or 
less separation of the groundwater/snowmelt-fed stream and 
glacier-fed stream reproductive cohorts and thus a reduction 
in gene flow between these stream populations.

The larval stage composition of D. aberrata in the kryal 
stream is conclusive regarding the life cycle duration as the 
pattern found suggests an unexpectedly fast larval develop-
ment. Whereas July samples consisted of L2 and L3 lar-
vae, samples in August contained exclusively L4 larvae and 
pupae, suggesting a rapid larval development pattern of only 
some weeks, enabling them to finish the aquatic life stages 
in late August. Considering the low temperatures in the gla-
cier-fed river, comparable or even faster larval development 
can be expected for the groundwater/snowmelt-fed streams. 

Following this rapid larval development, univoltinism in 
High Arctic chironomids is certainly feasible. Regarding the 
larval stage composition in the rhithral Londonelva, increas-
ing proportions of L1 larvae from July compared to August 
suggest a possible second generation of developing larvae 
during a single season, allowing for the possibility of bivol-
tinism. Such fast life cycles are surprising but agree with 
Schütz and Füreder (2018) who also concluded that there 
were least univoltine life histories in alpine chironomids in 
a highly glaciated headwater. Furthermore, considering the 
highly rapid and successful egg development of cold-steno-
therm chironomids reported by Schütz and Füreder (2019), 
univoltinism or even bivoltinism in these High Arctic non-
biting midges is unexpected but certainly plausible. These 
findings add important information on the life histories and 
development patterns of Arctic invertebrates as their life 
cycles were shown to be very slow due to the low tempera-
tures in high latitudinal environments, leading to perennial 
development scenarios (e.g. Danks 1992). For example, the 
life cycle of two arctic Chironomus species (Chironomidae, 
Diptera) inhabiting tundra ponds was shown to take seven 
years (Butler et al. 1981; Butler 1982). Nevertheless, our 
results are confirmed by Danks (2007) who reported that 
several High Arctic insect taxa completed their life cycles 
within one year. Some species, especially those inhabit-
ing the High Arctic streams are obviously characterized by 
comparably fast life cycles like High Alpine species (e.g. 
Schütz and Füreder 2018, 2019). This could be an adaption 
towards the very short snow and ice-free growing season 
during summer and could be related to differing freezing 
tolerances of the various life cycle stages. Our study species 
are obviously able to complete their life cycle within a short 
period of non-freezing temperatures, free flowing streams 
and continuous daylight.

Our results lead to conclusions on the life cycle patterns 
and development histories of the studied species during the 
short Arctic summer. However, hardly anything is known 
about the overwintering of Arctic insects, especially cold 
adapted chironomids. Danks (2007) is one of the few stud-
ies reporting on the life of aquatic insects during winter. 
Though little is known on the winter conditions in High 
Arctic stream ecosystems, it can be assumed that chironomid 
larvae have to face very low or freezing temperatures for a 
long time during winter and are therefore dormant (Danks 
2007). Following available studies from cold freshwater eco-
systems, two different overwintering strategies seem pos-
sible. As larvae of some cold adapted chironomid species 
are known to be freezing tolerant (e.g. Danks 1971; Olsson 
1981; Lencioni 2004; Bouchard et al. 2006), overwinter-
ing as larvae seems plausible for the studied High Arctic 
chironomids. However, as Olsson (1981) reported quite low 
survival rates of overwintering chironomid larvae, a maybe 
more promising strategy to survive freezing temperatures is 
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to overwinter in the egg stage (Danks 2007). This is known 
from mosquitos (e.g. Copeland and Craig 1990) and may-
flies (e.g. Giberson and Galloway 1985) including an Arctic 
Baetis species (Giberson et al. 2007) and is also conceiv-
able for High Arctic chironomids. To finally conclude on 
the overwintering and hence the life histories of High Arc-
tic chironomids and document the possibility of univoltine 
or bivoltine life cycles, further studies concentrating on the 
overwintering of High Arctic chironomids are necessary as 
up to now only assumptions can be made on this substantial 
part of the chironomid life cycle.

Stream productivity

Information on larval size and growth in cold streams has 
only recently become available, confirming highly adapted, 
cold-stenotherm species a hitherto unexpected growth rate 
resulting in larval sizes comparable to low-land streams 
(Niedrist and Füreder 2018; Schütz and Füreder 2018). 
Thus, nutrient availability and not temperature proved to 
be the limiting growth factor for benthic larvae (Schütz and 
Füreder 2018). The cited studies are, however, concentrated 
on high altitude streams in the European alps, only allowing 
for limited conclusions on the larval growth and productiv-
ity in High Arctic streams. The extremely short growing 
season of only a few weeks for benthic invertebrates in high 
latitude streams raises the question if life strategies of chi-
ronomid larvae in the High Arctic streams allow for distinct 
larval growth rates or if life histories are programmed for the 
quickest possible development.

The noticeably different larval size (head capsule width) 
and weight patterns in the streams considered in the pre-
sent study indicate that fast life cycles by concurrently 
distinct larval growth rates are not mutually exclusive life 
cycle strategies in High Arctic streams. Larval head cap-
sule size and weight of both Diamesa species were low-
est in groundwater/snowmelt-fed Londonelva, followed 
by kryal Bayelva and Stuphalletelva. Despite the higher 
nutrient availability and the more benign general abiotic 
conditions (higher water temperature, less turbidity) in 
Londonelva compared to the glacially influenced Bayelva 
larvae of both species remained smaller and lighter in the 
spring-fed stream. This unexpected pattern can only be 
explained by the low food quality of the benthic organic 
matter in Londonelva. Though food availability in Bayelva 
is lowest of all three considered streams the food quality 
of the glacially influenced stream is best of the three study 
streams leading to significantly larger and heavier larvae 
and an increased productivity in the glacier-fed stream. 
This goes along with the findings of Schütz and Füreder 
(2018) reporting on distinct larval growth in a highly gla-
ciated headwater. The best compromise for most efficient 
larval growth was found in rhithral Stuphalletelva. Though 

food quality was somewhat lower compared to Bayelva, 
larvae in the nutrient enriched groundwater/snowmelt-fed 
stream grew to the largest size, resulting in the highest 
growth rates and thus the highest productivity. The com-
bination of a surplus of nutrients of reasonable quality, 
comparably high water temperatures and low turbidity 
are obviously the key factors for fast larval development 
through outstanding larval growth. The nesting bird col-
ony in the Stuphalletelva catchments (Blaen et al. 2013) 
obviously does not only fertilize the catchment area, but 
also leads to an enhanced instream primary and secondary 
production.

The high chironomid larval growth rates in cold-streams 
was assumed to be contradictory. However, recent studies 
have demonstrated that highly adapted chironomid species 
can reach unexpected larval sizes and weight in high alti-
tudinal alpine streams, enriching the food chain of these 
harsh freshwaters at the initial link (e.g. Niedrist and Füreder 
2017, 2018; Schütz and Füreder 2018). The present study is 
the first attempt to quantify the larval growth and hence the 
secondary production of High Arctic streams, demonstrating 
remarkable larval sizes subjected to instream abiotic con-
ditions. Nutrient availability and in particular food quality 
obviously trigger increased benthic larval size independently 
of the stream type. Considering future climate change effects 
with increasing temperatures potentially leading to higher 
instream primary production might therefore lead to distinct 
larval growth patterns and enhanced storage of allochtho-
nous material in high latitude streams.

The present study is an important step towards the under-
standing of larval development and growth in High Arctic 
streams. Nevertheless, many questions remain regarding the 
dynamics of chironomid life cycles. A prolonged sampling 
season, following chironomid development throughout the 
whole snow and ice-free season would allow for improved 
conclusions on the species’ life histories and adaptational 
abilities to the predominant harsh abiotic conditions. Fur-
thermore, nothing is known about chironomids during 
winter. The two species in the present study belong to the 
family of Diamesa which is known to be especially cold-
stenotherm and adapted to harsh conditions. In addition 
to these particularly robust species, representatives of the 
subfamily Orthocladiinae also inhabit High Arctic streams, 
often at high densities (own observations; see also Lods-
Crozet et al. 2007; Marziali et al. 2009). Species from this 
subfamily may have different life cycle strategies leading to 
alternative development patterns.

Nevertheless, the detected pattern of distinct chirono-
mid larval growth at environmental conditions considered 
as at or near the physiological limit of benthic life (Danks 
et al. 1994) were unexpected and add new knowledge on the 
adaptabilities of cold-stenotherm chironomids to their harsh 
living conditions. Glacially influenced streams may well also 
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be more productive than assumed due to unexpected high 
growth rates of chironomid larvae, obviously allowing for 
larval growth respectively secondary production comparable 
to nutrient poor groundwater/snowmelt-fed streams.
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