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Impacts of twenty years of 
experimental warming on soil 
carbon, nitrogen, moisture and 
soil mites across alpine/subarctic 
tundra communities
Juha M. Alatalo1, Annika K. Jägerbrand2, Jaanis Juhanson3, Anders Michelsen4,5 & 
Peter Ľuptáčik6

High-altitude and alpine areas are predicted to experience rapid and substantial increases in future 
temperature, which may have serious impacts on soil carbon, nutrient and soil fauna. Here we report 
the impact of 20 years of experimental warming on soil properties and soil mites in three contrasting 
plant communities in alpine/subarctic Sweden. Long-term warming decreased juvenile oribatid mite 
density, but had no effect on adult oribatids density, total mite density, any major mite group or the 
most common species. Long-term warming also caused loss of nitrogen, carbon and moisture from 
the mineral soil layer in mesic meadow, but not in wet meadow or heath or from the organic soil layer. 
There was a significant site effect on the density of one mite species, Oppiella neerlandica, and all soil 
parameters. A significant plot-scale impact on mites suggests that small-scale heterogeneity may be 
important for buffering mites from global warming. The results indicated that juvenile mites may be 
more vulnerable to global warming than adult stages. Importantly, the results also indicated that global 
warming may cause carbon and nitrogen losses in alpine and tundra mineral soils and that its effects 
may differ at local scale.

In Arctic areas, future climate change is predicted to prolong the growing season, with the shift being more pro-
nounced in colder mountainous parts, an effect that will most likely cause retreat of the tundra zone and changes 
in the tree line1–3. Global warming may also affect soil carbon storage and, as Arctic and alpine tundra contains 
almost half of all global soil carbon, there is a need for studies on the potential impact of global warming on the 
carbon balance4–6. Nutrient mineralisation in soils is predicted to increase as a response to future warming7,8. A 
recent study investigating two decades of experimental warming observed no impact on soil carbon storage4. 
However, long-term fertilisation has been shown to cause a loss of soil carbon9. A growing number of studies are 
examining the potential impact of global warming on plant communities. The results obtained to date indicate 
that warming may cause an increase in biomass4, shifts in the dominance structure of plant communities and 
an increase in shrubs in the Arctic10,11. However, fewer studies have investigated soil fauna, which play a vital 
role in carbon cycling12. This applies even for polar and alpine regions, where global warming is predicted to 
be both rapid and severe. Furthermore, most existing studies on soil arthropods in polar and alpine regions are 
short-term13–15 and to our knowledge there are only two long-term experimental warming studies, one with 11 
and 12 years of warming16 and one with 16 years of warming17.
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Soil mites play a vital role in several soil processes and are therefore important for ecosystem functioning and 
carbon cycling12,18. They include saprophagous mites that contribute to decomposition processes (e.g. Oribatida) 
and predatory mites (e.g. Gamasina). In polar and alpine regions, where there is a lack of larger invertebrates, 
the relative importance of mites is even greater for decomposition-related soil processes19. In higher diversity 
systems, functional diversity seems to be more important than species richness20,21, while in low diversity systems 
the number of species is more important22. This may be because there are fewer species to take over new func-
tional roles if other species are lost22. The temperature and humidity of soils are important limiting factors for the 
distribution and diversity of mites23. However, mites in polar regions are well-adapted to the cold environment23, 
and are often able to remain dormant for most of the year and become active during the short polar summer24. 
Importantly, experiments have shown that there is a positive relationship between soil biota and carbon cycling 
in low diversity systems, but less so in high diversity systems12.

Previous studies on the effects of experimental climate warming on microarthropods report contrasting 
responses, from increased mite densities in polar ecosystems13,14,16 to no response25,26. These responses are sug-
gested to be both habitat- and group-specific27. For example, in one study oribatid mite populations were shown 
to increase and mesostigmatid mites to decrease in response to warming in a glade and fell field, but not in a 
heath16. Negative effects on microarthropods have mainly been reported for groups sensitive to low soil moisture, 
especially in ecosystems where soil moisture may already be a limiting factor27. Mites are generally more tolerant 
to high temperatures than Collembola28,29, but water stress is likely to affect soft-bodied prostigmatid mites and 
nymphs of other mites30,31. In general, unless associated with decreased soil moisture, increased warming in the 
polar regions is predicted to increase soil invertebrate numbers due to microbial communities and plant commu-
nities increasing in productivity and complexity27. However, a recent long-term study found no impact of exper-
imental warming on Collembola at sub-arctic/alpine sites32. In the present study, we examined the impact of 19 
and 21 years of experimental warming, field site and plot scale on soil parameters (soil carbon (C), nitrogen (N), 
C/N ratio, moisture and pH in the organic and mineral soil layers), total mite density, juvenile and adult stages of 
mites, density of major mite groups and the most common species of oribatid mites in three contrasting alpine/
subarctic plant communities.

Methods
Study area. The three experimental sites were located at the Latnjajaure field station in northern Sweden, at 
1000 m elevation in the Latnjavagge valley (68°21′ N, 18°29′ E) near Abisko. The sites, wet meadow, mesic meadow 
and dry heath, were all within 300 m from each other, with elevation differing by ~20 m. The climate in the area 
can be classified as subarctic, with cool summers, relatively mild, snow-rich winters and snow cover for most of 
the year. Mean annual temperature ranges from − 1 to − 3 °C and total annual precipitation from 600 to 1100 mm. 
The Latnjavagge valley is highly diverse in terms of physical conditions, ranging from dry, nutrient-poor and 
acidic to wet and base-rich, variations reflected in its plant communities33,34. The mesic meadow community 
is dominated by Carex vaginata, C. bigelowii, Festuca ovina, Salix reticulata, S. polaris, Cassiope tetragona, 
Polygonum viviparum and Thalictrum alpinum33,34. The more sparsely vegetated poor heath community is domi-
nated by Betula nana, S. herbacea and Calamagrostis lapponica32,33. The well-developed wet meadow is dominated 
by Parnassia palustris, Petasites frigidum, P. viviparum, Ranunculus acris, S. lanata, S. polaris, and T. alpinum35.

Experimental design. Warming was induced using open top chambers (OTCs), which increase the tem-
perature by 1.5–3 °C compared with control plots with ambient temperature33. We chose three contrasting types 
of habitats to obtain a range of soil moisture levels from wet (wet meadow), to intermediate (mesic meadow) and 
dry (poor heath) when assessing the effects of long-term warming on vegetation and fauna. In the wet meadow 
community, 10 plots with homogeneous vegetation cover were marked out in 1993 and half were assigned to OTC 
and half to control plots in a pairwise design. In the present study we sampled four OTCs and their control plots 
in the wet meadow to give equal sample size to the mesic meadow and poor heath sites. In the mesic meadow and 
heath communities, eight plots (1 m ×  1 m) were randomly assigned to treatments in 1995, half to OTCs and half 
to controls. The OTCs were left on plots with warming treatments year-round at all three sites.

Sampling and analyses. At the peak of the growing season (26 July 2013), we extracted three soil cores 
per plot from four plots with OTCs and four control plots in each of the three plant communities. At sampling, 
the wet meadow had experienced 21 years of experimental warming and the mesic meadow and poor heath 
19 years. The samples comprised soil cores 3.6 cm in diameter (10 cm2 in area) and with a maximum depth of 
7–12 cm (depending on the soil depth). As the plots are part of long-term experiments on plant communities, we 
sought to avoid large-scale destructive sampling that would impede future research. The samples were stored in 
plastic bags in coolboxes until extraction, which was performed within 5 days of field sampling using a modified 
high-gradient extraction apparatus36 for 7 days. In order to study the impact on different functional groups (pred-
ators, saprophages), soil mite specimens were identified using morphological methods to species (oribatid adult 
individuals only) and group level as: Prostigmata (predators/saprophages), Astigmata (saprophages), Gamasina 
(predators), Uropodina (saprophages) and Oribatida (saprophages). Determination to order, suborder or cohort 
level was performed in a small glass bowl using a stereomicroscope (Olympus SZ61) according to Krantz & 
Walter37. Oribatid mites were temporarily mounted onto microscope slides with lactic acid for lightening. Species 
determination was conducted using a light microscope (Leica DM1000) and an identification key for mites37–43.

Soil chemical analyses. Soil moisture was determined by oven-drying soil at 105 °C to constant weight. Soil 
pH was measured in soil:water suspension (1:5 ratio, w-v) with a digital pH meter. Subsamples of soil material 
were weighed and packed into tin capsules, with sample size adjusted between 5 and 30 mg according to the N 
and C concentration present. The concentrations of soil elements were analysed at the Department of Biology, 
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University of Copenhagen, with an Isoprime isotope ratio mass spectrometer using continuous flow (Isoprime 
Ltd., Cheadle Hulme, UK) coupled to a Eurovector CN elemental analyser (Eurovector SPA, Redavalle, Italy). 
Large samples received more oxygen, to improve combustion.

Statistical analyses. All statistical analyses except ordination analyses were performed using SPSS version 
23 (IBM) for PC. Ordinations were all analysed in Canoco for Windows version 4.544. Only adult specimens were 
used for the species-level analyses, while analyses of total mite density and density of major groups included 
both adult and juvenile specimens. Density of total adult and juvenile mites (log-transformed) was analysed 
with univariate ANOVA, with treatment (control or warming) and site (mesic meadow, wet meadow and heath) 
as fixed factors. As the other data did not meet the assumption of normal distribution after transformation, 
the conservative nonparametric Mann-Whitney U test was used to analyse the effect of treatment on total mite 
density, density of mite groups and density of the 11 most common oribatid mite species across all plant commu-
nities. The Kruskal-Wallis test was used to analyse the effect of site on total soil mite density, density of the mite 
groups and density of the nine most common oribatid species. The uneven distribution of species among sites 
prevented a greater number of species being analysed. Plot-scale effect on total soil mite density and density of 
the mite groups was analysed with the Kruskal-Wallis test. The data were pooled within plots for the analyses on 
treatment and site effect, but not plot-scale effect. We are aware of the potential problem of pseudoreplication for 
the non-pooled data. The reason for including plot-scale effects was that others have shown that microarthropod 
abundance in polar regions can be heavily influenced by small-scale heterogeneity45. The Kruskal-Wallis test was 
used to analyse the effect of site on soil parameters (total N, total C, C/N ratio, moisture and pH in the organic and 
mineral soil layers). The Mann-Whitney U test was used to determine the effect of treatment on soil parameters 
within sites.

A constrained multivariate gradient analysis technique was used to examine the influence of the environmen-
tal variables (i.e. treatment, microsite and soil variables) on species composition and abundance of the most com-
mon mite species. DCA (Detrended Correspondence Analysis) showed that the data were suitable for a unimodal 
constrained ordination technique (i.e. had more than four standard deviation units for species turnover)44. We 
therefore decided to perform constrained CCA (Canonical Correspondence Analysis) with, in general, standard 
settings but with automatic selection of the environmental variables and with Monte Carlo unrestricted permuta-
tion tests with 1000 permutations to test the significance of the environmental constraints on CCA.

Results
Soil parameters. There was a significant site effect on the soil parameters measured in both the organic and 
mineral soil layers. These included total N (p =  0.001, p <  0.0001), C (p =  0.015, p =  0.001), C/N (p <  0.0001, 
p =  0.001), moisture (p <  0.0001, p =  0.004), and pH (p <  0.0001, p =  0.001). Soil N and C content ranged from 
low (poor heath) through intermediate (wet meadow) to high (mesic meadow) (Figs 1 and 2). The C/N ratio 
was highest in the poor heath and lower in the mesic and wet meadow (Figs 1 and 2). Soil moisture and pH were 
lowest in the poor heath and higher in the wet and mesic meadow (Figs 1 and 2). Long-term warming had no 
significant impact on soil parameters in the mineral soil layer in the heath and wet meadow (Fig. 2), but a signif-
icant negative effect on total N (p =  0.029), C (p =  0.029) and soil moisture (p =  0.029), a positive effect on C/N 
ratio (p =  0.029) and a near-significant positive impact on pH (p =  0.057) in the mineral soil layer of the meadow 
(Fig. 2). However, there were no significant effects on the soil parameters in the organic soil layer in the meadow, 
wet meadow or heath (Fig. 1). Plot had no impact on any of the soil parameters in the organic or mineral soil 
layers.

Dominance structure of mite groups. We found that while dominance structure differed between 
groups, the distribution pattern within groups was fairly similar for all three sites (Fig. 3). There was a clear 
dominance structure among groups, with saprophagous mites dominating at all sites. Oribatida had a relative 
dominance of more than 80% at the mesic meadow and heath sites and over 65% at the wet meadow site (Fig. 3). 
Uropodina (7–11%) and Prostigmata (4–15%) were also common at all sites, while Astigmata (0.3–1.3%) and 
predatory Gamasina (1.6–6.7%) were much less frequent (Fig. 3).

Soil mite abundance. The 19 years (mesic meadow and poor heath) or 21 years (wet meadow) of exper-
imental warming had no significant effect on density of any of the major mite groups: Prostigmata (p =  0.378), 
Astigmata (p =  1.00), Gamasina (p =  0.887), Uropodina (p =  0.713) and Oribatida (p =  0.713), or on total mite 
density (p =  0.671) at any of the three sites (Fig. 4). However, there was a significant treatment effect on juve-
nile oribatids, the number of which decreased under long-term warming, but not on adult mites (Table S1, 
Fig. 5). While not significant, long-term warming tended to have a negative effect on Prostigmata (p =  0.11) 
and Uropodina (p =  0.057) in the mesic meadow (Fig. 4). Similarly, there was no significant site effect on den-
sity of the major mite groups: Prostigmata (p =  0.215), Astigmata (p =  0.918), Gamasina (p =  0.191), Uropodina 
(p =  0.371) and Oribatida (p =  0.385), or on total mite density (p =  0.553). The importance of spatial heteroge-
neity was underscored by the fact that plot-scale heterogeneity was the only factor with a significant effect on 
mite density and was thus an important controlling factor. It had significant effects on the density of Gamasina 
(p =  0.024), Uropodina (p =  0.048) and Oribatida (p =  0.01) and on total density (p =  0.001), and close to signif-
icant effects on the density of Prostigmata (p =  0.099) and Astigmata (p =  0.080).

Species-level responses. A total of 59 species of oribatid mites (adult specimens) were found in this 
study (Table S2). On species level, there was no treatment effect on any of the most common species: Belba 
compta (p =  0.905), Dissorhina ornata (p =  0.181), Eobrachychthonius latior (p =  0.073), Liochthonius strenzkei 
(p =  0.613), Neonothrus humicolus (p =  0.686), Oppiella acuminata (p =  1.00), Oppiella neerlandica (p =  0.799), 
Oppiella unicarinata (p =  0.40), Oribatula tibialis (p =  1.00), Platynothrus peltifer (p =  0.093) and Tectocepheus 
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Figure 1. Box plots of soil parameters (total N, C, C/N ratio, soil moisture and pH in the organic soil layer) 
at the poor heath, mesic meadow and wet meadow study sites at Latnjajaure field station, subarctic Sweden. 
Treatments: control (CTR) and long-term warming (OTC). Boxplots show the 10th–90th percentiles of the data; 
n =  4 for each site and treatment.



www.nature.com/scientificreports/

5Scientific RepoRts | 7:44489 | DOI: 10.1038/srep44489

velatus velatus (p =  0.156) (Fig. S1). There was a site effect on one species, Oppiella neerlandica (p =  0.030), but 
not on Belba compta (p =  0.542), Dissorhina ornata (p =  0.073), Eobrachychthonius latior (p =  0.396), Liochthonius 

Figure 2. Box plots of soil parameters (total N, C, C/N ratio, soil moisture, and pH in the mineral soil 
layer) at the poor heath, mesic meadow and wet meadow study sites at Latnjajaure field station, subarctic 
Sweden. Treatments: control (CTR) and long-term warming (OTC). Boxplots show the 10th–90th percentiles of 
the data; n =  4 for each site and treatment.
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strenzkei (p =  0.689), Oppiella unicarinata (p =  0.846), Oribatula tibialis (p =  0.296), Platynothrus peltifer 
(p =  0.0968) and Tectocepheus velatus velatus (p =  0.20) (Fig. S1).

Effect of environmental variables on composition and abundance of mites. The first three axes of 
the constrained CCA explained 88.3% of the variation (Table S3), and the permutation tests showed that warming 
(treatment), C, C/N and moisture in the organic soil, and C in the mineral soil, had significant influence on mites 
(treatment p =  0.005, F =  3.25; C in the organic soil p =  0.02, F =  2.69; C/N in the organic soil p =  0.0010, F =  4.92; 
moisture in the organic soil p =  0.038, F =  2.19; C in the mineral soil p =  0.017, F =  2.49). Other variables did not 
have any significant effects (Fig. 6), although two environmental variables had p <  0.10: pH in the organic soil 
(p =  0.083, F =  1.92) and C/N ratio in the mineral soil (p =  0.062, F =  2.00). The species-environmental correla-
tions in the first three axes were high (0.94; 0.941, 0.933), and the cumulative percentage variance showed that 
the species-environment relationship was high for all axes (34.2%, 63.6%, 79.6%, respectively, for the three CCA 
axes) (Table S3).

The first CCA axis (CCA1) showed a high correlation with C/N ratio (in the organic soil) and site on the right 
side, associated with high abundance of O. acuminata (Oppi) and N. humicolus (Neon). On the left side of CCA1, 
moisture and C in the organic soil and C in the mineral soil dominated, together with a high number of other 
soil variables (Fig. 6). The second axis (CCA2) showed high correlation with the warming treatment and many 
species. Dissorhina ornata (DISS), O. tibialis (Orib), E. latior (EOBr) and O. unicarinata (Opiel)) were situated 
and clustered near treatment in CCA2, indicating higher abundance with the warming treatment. Oromurcia 
cf. sudetica (Orom), P. peltifer (Platy), and T. velatus velatus (Tecto) seemed to decrease in abundance with the 
warming treatment (Fig. 6).

Discussion
This study revealed that two decades of warming had contrasting effects on soils across alpine tundra plant com-
munities. In the mineral soil layer of the mesic meadow, the long-term warming caused a decrease in total nitro-
gen and carbon, a positive effect on C/N ratio and a near-significant positive effect on pH. However, no effects 
were found on the organic soil layer of the mesic meadow or in the mineral and organic soils layers of the wet 
meadow and poor heath communities. This is similar to the long-term nutrient enhancement study that found 
a loss of carbon and nitrogen in the mineral, but not organic soil layers9. Decomposition increasing more than 
plant production causing a net loss of carbon9. Thus, the impact of global warming may cause different responses 
in soils on local scale. This has implications for modelling global carbon balance, as Arctic tundra ecosystems 
contain a vast carbon pool. To be realistic, models will thus need to include local-scale heterogeneity of potential 
impacts of global warming on carbon balance. Previous studies have shown that 20 years of fertilisation in Arctic 
tundra caused a decrease in carbon and nitrogen storage9, while 20 years of warming did not change total soil 
carbon or nitrogen4. Furthermore, a recent study showed that global warming is likely to cause substantial carbon 
loss in high latitude areas, the effect of warming depending on the initial soil carbon stock46. The OTCs have also 
been shown to warm soil by 1.4 °C14 and to cause increased drought at both Antarctic and Arctic sites15. In this 
study we observed a decrease in soil moisture in the mineral soil layer in the mesic meadow community, but this 
was not the case in the wet meadow or poor heath community or in the organic soil layer at any site. Thus, the 
impact on soil moisture most likely depends on the local heterogeneity of soils.

We had expected to find the highest soil moisture in the wet meadow community, but this was not the case. 
This may have been due to the unusually warm summer of 2013, which caused early melt of snowbeds in the sur-
rounding valley. This affected the duration of meltwater feed into the wet meadow, causing a drier than usual envi-
ronment in the peak vegetation period in late July and early August (Ulf Molau, personal communication 2016).  
At the time of the sampling, waterproof footwear was not necessary, which was unusual. If climate change causes 
higher early summer temperatures, this would potentially impose major changes in plant communities in the val-
ley, decreasing snowbed communities and wet plant communities and favouring more mesic plant communities, 
as the soils would become drier.

Figure 3. Relative dominance of different mite groups (Prostigmata, Astigmata, Gamasina, Uropodina 
and Oribatida) in soil at the poor heath, mesic meadow and wet meadow sites at Latnjajaure field station, 
subarctic Sweden. Treatments: control (CTR) and long-term warming (OTC).
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The lack of effect of two decades of warming on soil moisture, carbon, nitrogen, C/N ratio and pH of the 
organic soil layers across the three sites included in this study may explain why we found no effect of long-term 
warming on total mite density, any major mite group or the most common oribatid species. Organic material and 
soil moisture are generally important for soil fauna18,27,47. This was also the case in the present study, where mul-
tivariate analyses showed that carbon, C/N ratio and moisture all had a significant influence on mites. However, 
multivariate analyses showed a significant treatment effect on the most common species as a group. This indicates 
that while long-term warming may not have had any effect on total mite community or any of the most common 
individual species, the most common species were affected as a group. Organic soil layers are thin at the sites48 
and, as mites also occur in the mineral soil layer, the lack of response in the mesic meadow, which experienced 
a loss of carbon, nitrogen and moisture in the mineral soil layer, is difficult to explain. Similarly, the lack of site 
effect on total mite density was unexpected as there was a significant site effect on all soil parameters. In particu-
lar, we expected to find lower mite densities in the poor heath, as it had lower carbon, nitrogen and moisture levels 
than the mesic and wet meadow communities.

Figure 4. Box plots of mean total mite abundance (ind. m−2) and total abundance (ind. m−2) of the 
Prostigmata, Astigmata, Gamasina, Uropodina and Oribatida groups of soil mites at the poor heath, mesic 
meadow and wet meadow study sites at Latnjajaure field station, subarctic Sweden. Treatments: control 
(CTR) and long-term warming (OTC). Boxplots show the 10th–90th percentiles of the data; n =  4 for each site 
and treatment.
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We found a significant negative effect of long-term warming on juvenile oribatids, but not on adult mites. 
This is line with previous research suggesting that mites tend to be less sensitive than Collembola to moisture 
levels28,29, but that mite nymphs may still be vulnerable30,31. Another potential explanation may be that the exper-
imental plots lacked barriers within the soil, so adult soil mites could have re-colonised the warmed plots even 
when the conditions may have been less favourable for juveniles. A third potential explanation may be that due 
to the warming, the mites in the experimental plots perhaps reproduced and hatched earlier and also grew faster 
than those in the control plots, so at the time of sampling many of them had already developed into adults, 
decreasing the number of juveniles in the samples.

Plot-scale heterogeneity was an important factor for soil mites. As commonly reported in other alpine areas49, 
the soil depth in the sampling sites was generally both thin and highly variable, depending on microhabitat48. 
The organic layer only reached a depth of 1–10 cm, depending on site, and was sometimes almost non-existent 
in the poor heath community. This was reflected during sampling, when we frequently had to try for new spots 

Figure 5. Box plots of mean abundance (×103 ind. m−2) of total juvenile and adult oribatid mites at the 
poor heath, mesic meadow and wet meadow study sites at Latnjajaure field station, subarctic Sweden. 
Treatments: control (CTR) and long-term warming (OTC). Boxplots show the 10th–90th percentiles of the data; 
n =  4 for each site and treatment.

Figure 6. Plot of constrained Canonical Correspondence Analysis (CCA) on abundance change in mite 
species/groups after 19 (mesic meadow and poor heath) and 21 (wet meadow) years of experimental 
perturbations. CCA1 and CCA2 explain 70.5% of the variation (see Table S2). Environmental variables: N 
(N% in organic soil layer), C (C% in organic soil layer), CN (C/N ratio in organic soil layer), RH (moisture% 
in organic soil layer), PH (pH in organic soil layer), NM (N% in mineral soil layer), CM (C% in mineral soil 
layer), CNM (C/N in mineral soil layer), RHM (moisture% in mineral soil layer), PHM (pH in mineral soil 
layer). Species abbreviations: BELB =  Belba compta, DISS =  Dissorhina ornata, EOBr =  Eobrachychthonius latior, 
Lioc =  Liochthonius strenzkei, Neon =  Neonothrus humicolus, Oppi =  Oppiella acuminata, Oppine =  Oppiella 
neerlandica, Opiel =  Oppiella unicarinata, Orib =  Oribatula tibialis, Orom =  Oromurcia cf. sudetica, 
Platy =  Platynothrus peltifer, Tecto =  Tectocepheus velatus velatus.
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as the soil core sampler hit stones in the soil. This most likely affected the spatial distribution of mites. A similar 
plot-scale effect was found previously in a study on Collembola at the same sites32. Small-scale heterogeneity 
could thus have an important buffering effect on soil fauna32, in a similar way as boulders in high alpine areas can 
buffer species from extreme heat events50. Studies on mountain-top boulder fields have shown that they can pro-
vide microhabitat temperature buffering for extreme events (heat waves) over short distances, and that they have 
probably functioned as important refugia during historical climate fluctuations50. This is important, as climate 
change will most likely increase the variability and frequency of extreme events51,52, and thus a constant level of 
warming is not a very realistic scenario for the future. However, at present there are no long-term experiments 
applying different warming scenarios on plant communities and only a few multi-year experiments in alpine 
and Arctic areas53–56. In the future, a high level of soil heterogeneity could thus potentially provide refugia from 
where adult stages of microarthropods can recolonise areas where juvenile stages have been negatively affected 
by climate change/extreme events.

A similar, but short-term, study to this found no effects of four years of experimental warming on oribatid 
mites15. However, the life cycle of oribatid mites often spans several years39, and this, in combination with high 
weather variability between years, may have masked the effects of the limited experimental warming applied in 
that study15,25. This interaction between between-year variability and experimental warming effect has previously 
been demonstrated in a short-term study which found that the warming effect on soil fauna depended on whether 
the summer was relatively warm and dry, or cool and wet57. The warming had positive effects on mesofaunal bio-
mass and diversity in the cool and wet year, a negative effect in the drier zone and a positive effect in the moister 
zone in the warmer year57. Thus, it could be predicted that at sites with higher soil moisture levels, microarthro-
pods would show positive responses to long-term warming, while at sites with lower soil moisture levels microar-
thropods would show negative responses. In the present study, the sampling year 2013 was warm and dry, which 
could therefore have been predicted to have a negative effect on the dry site and a more positive effect on the sites 
with higher soil moisture. However, while not significant, we found the opposite pattern, with the warming tend-
ing to have a positive effect on mite density/abundance at the dry site and a negative effect at the sites with higher 
soil moisture. A potential explanation for this may be the non-significant, but slightly higher, nitrogen, carbon 
and moisture levels in the organic and mineral layers of the warmed plots in the heath. Thus, even a small increase 
in the dry, nutrient and carbon-poor organic and mineral soil layers may have a positive effect on mite densities.

We also expected a site effect on mites due to differences in the natural nutrient gradient between sites. A 
possible explanation for the lack of treatment and site effects on mites may be the limited sample size, with only 
four replicates per treatment. The only significant effect we observed was on one species, O. neerlandica, and at 
plot-scale on Gamasina, Uropodina, Oribatida and total density, most likely reflecting the high heterogeneity of 
the soils in the Latnjavagge valley.

To conclude, we showed that the impact of two decades of experimental warming on carbon, nitrogen and soil 
moisture in the mineral layer differed among local plant communities, causing a loss in a mesic alpine meadow, 
but not in nearby wet meadow, or nutrient-poor dry heath. These results have important implications for mod-
elling global carbon balance, as Arctic soils contain a large pool of carbon. The results can help improve under-
standing of the potential impact of global warming on carbon balance in heterogeneous soils, e.g. by showing that 
responses may be highly variable both at larger46 and local scale. The long-term warming had no effect on total 
mite abundance or on any of the most common oribatid species. However, global warming had differing impacts 
on juvenile and adult stages of oribatids, with juvenile stages being more vulnerable. Furthermore, the importance 
of small-scale variance indicates that local soil heterogeneity may play an important role in providing refugia for 
soil microarthropods under future climate change/extreme events.

References
1. Blinova, I. & Chmielewski, F.-M. Climatic warming above the Arctic Circle: are there trends in timing and length of the thermal 

growing season in Murmansk Region (Russia) between 1951 and 2012? Int. J. Biometeorol. 1–13 (2014).
2. Shiyatov, S. G. & Mazepa, V. S. Contemporary expansion of Siberian larch into the mountain tundra of the Polar Urals. Russ. J. Ecol. 

46, 495–502 (2015).
3. Alatalo, J. M. & Ferrarini, A. Braking effect of climate and topography on global change-induced upslope forest expansion. Int. J. 

Biometeorol. 1–8 (2016).
4. Sistla, S. A. et al. Long-term warming restructures Arctic tundra without changing net soil carbon storage. Nature 497, 615–618 

(2013).
5. Tarnocai, C. et al. Soil organic carbon pools in the northern circumpolar permafrost region. Glob. Biogeochem. Cycles 23 (2009).
6. Schuur, E. A. et al. The effect of permafrost thaw on old carbon release and net carbon exchange from tundra. Nature 459, 556–559 

(2009).
7. Nadelhoffer, K. J., Giblin, A. E., Shaver, G. R. & Laundre, J. A. Effects of temperature and substrate quality on element mineralization 

in six arctic soils. Ecology 72, 242–253 (1991).
8. Hobbie, S. E. Temperature and plant species control over litter decomposition in Alaskan tundra. Ecol. Monogr. 66, 503–522 (1996).
9. Mack, M. C., Schuur, E. A. G., Bret-Harte, M. S., Shaver, G. R. & Chapin, F. S. Ecosystem carbon storage in arctic tundra reduced by 

long-term nutrient fertilization. Nature 431, 440–443 (2004).
10. Myers-Smith, I. H. et al. Shrub expansion in tundra ecosystems: dynamics, impacts and research priorities. Environ. Res. Lett. 6, 

45509 (2011).
11. Rustad, L. E. et al. A meta-analysis of the response of soil respiration, net nitrogen mineralization, and aboveground plant growth to 

experimental ecosystem warming. Oecologia 126, 543–562 (2001).
12. Nielsen, U. N., Ayres, E., Wall, D. H. & Bardgett, R. D. Soil biodiversity and carbon cycling: a review and synthesis of studies 

examining diversity–function relationships. Eur. J. Soil Sci. 62, 105–116 (2011).
13. Kennedy, A. D. Simulated climate change: a field manipulation study of polar microarthropod community response to global 

warming. Ecography 17, 131–140 (1994).
14. Dollery, R., Hodkinson, I. D. & Jónsdóttir, I. S. Impact of warming and timing of snow melt on soil microarthropod assemblages 

associated with Dryas-dominated plant communities on Svalbard. Ecography 29, 111–119 (2006).
15. Hågvar, S. & Klanderud, K. Effect of simulated environmental change on alpine soil arthropods. Glob. Change Biol. 15, 2972–2980 

(2009).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 7:44489 | DOI: 10.1038/srep44489

16. Sjursen, H., Michelsen, A. & Jonasson, S. Effects of long-term soil warming and fertilisation on microarthropod abundances in three 
sub-arctic ecosystems. Appl. Soil Ecol. 30, 148–161 (2005).

17. Makkonen, M. et al. Traits explain the responses of a sub-arctic Collembola community to climate manipulation. Soil Biol. Biochem. 
43, 377–384 (2011).

18. Wardle, D. A. Communities and Ecosystems: Linking the Aboveground and Belowground Components. (Princeton University Press, 2002).
19. Coulson, S. J., Leinaas, H. P., Ims, R. A. & Søvik, G. Experimental manipulation of the winter surface ice layer: the effects on a High 

Arctic soil microarthropod community. Ecography 23, 299–306 (2000).
20. Heemsbergen, D. A. et al. Biodiversity effects on soil processes explained by interspecific functional dissimilarity. Science 306, 

1019–1020 (2004).
21. Roscher, C. et al. The role of biodiversity for element cycling and trophic interactions: an experimental approach in a grassland 

community. Basic Appl. Ecol. 5, 107–121 (2004).
22. Wall, D. H. Global change tipping points: above-and below-ground biotic interactions in a low diversity ecosystem. Philos. Trans. R. 

Soc. Lond. B Biol. Sci. 362, 2291–2306 (2007).
23. Starỳ, J. & Block, W. Distribution and biogeography of oribatid mites (Acari: Oribatida) in Antarctica, the sub-Antarctic islands and 

nearby land areas. J. Nat. Hist. 32, 861–894 (1998).
24. Convey, P. Overwintering strategies of terrestrial invertebrates in Antarctica-the significance of flexibility in extremely seasonal 

environments. Eur. J. Entomol. 93, 489–506 (1996).
25. Coulson, S. J. et al. Effects of experimental temperature elevation on high-arctic soil microarthropod populations. Polar Biol. 16, 

147–153 (1996).
26. Webb, N. R. et al. The effects of experimental temperature elevation on populations of cryptostigmatic mites in high Arctic soils. 

Pedobiologia 42, 298–308 (1998).
27. Nielsen, U. N. & Wall, D. H. The future of soil invertebrate communities in polar regions: different climate change responses in the 

Arctic and Antarctic? Ecol. Lett. 16, 409–419 (2013).
28. Block, W., Webb, N. R., Coulson, S., Hodkinson, I. D. & Worland, M. R. Thermal adaptation in the Arctic collembolan Onychiurus 

arcticus (Tullberg). J. Insect Physiol. 40, 715–722 (1994).
29. Hodkinson, I. D., Coulson, S. J., Webb, N. R. & Block, W. Can High Arctic Soil Microarthropods Survive Eleveated Summer 

Temperatures? Funct. Ecol. 314–321 (1996).
30. Day, T. A. et al. Response of plants and the dominant microarthropod, Cryptopygus antarcticus, to warming and contrasting 

precipitation regimes in Antarctic tundra. Glob. Change Biol. 15, 1640–1651 (2009).
31. Bokhorst, S. et al. Extreme winter warming events more negatively impact small rather than large soil fauna: shift in community 

composition explained by traits not taxa. Glob. Change Biol. 18, 1152–1162 (2012).
32. Alatalo, J. M., Jägerbrand, A. K. & Čuchta, P. Collembola at three alpine subarctic sites resistant to twenty years of experimental 

warming. Sci. Rep. 5, 18161 (2015).
33. Molau, U. & Alatalo, J. M. Responses of Subarctic-Alpine Plant Communities to Simulated Environmental Change: Biodiversity of 

Bryophytes, Lichens, and Vascular Plants. Ambio 27, 322–329 (1998).
34. Alatalo, J. M., Little, C. J., Jägerbrand, A. K. & Molau, U. Dominance hierarchies, diversity and species richness of vascular plants in 

an alpine meadow: contrasting short and medium term responses to simulated global change. PeerJ 2, e406 (2014).
35. Molau, U. Tundra plant responses to experimental and natural temperature changes. Mem. Natl. Inst. Polar Res. Spec. Issue 54, 

445–466 (2001).
36. Crossley, D. A. & Blair, J. M. A high-efficiency, ‘low-technology’ Tullgren-type extractor for soil microarthropods. Agric. Ecosyst. 

Environ. 34, 187–192 (1991).
37. Krantz, G. W., Evans, D. & Walter, D. E. A manual of acarology (2009).
38. Weigmann, G. Teil. Hornmilben (Oribatida). Tierwelt Dtschl. 76, 520 (2006).
39. Walter, D. E. & Proctor, H. C. Mites: ecology, evolution, and behaviour. (Springer, 2013).
40. Balogh, J. Primitive Oribatids of the Palaearctic Region. Soil Mite World 1, 372p (1983).
41. Olszanowski, Z. A monograph of the Nothridae and Camisiidae of Poland [Acari: Oribatida: Crotonioidea]. Genus Int. J. Invertebr. 

Taxon. Suppl. (1996).
42. Bayartogtokh, B., Schatz, H. & Ekrem, T. Distribution and diversity of the soil mites of Svalbard, with redescriptions of three known 

species (Acari: Oribatida). Int. J. Acarol. 37, 467–484 (2011).
43. Pavlitshenko, P. G. A guide to the ceratozetoid mites (Oribatei, Ceratozetoidea) of Ukraine. (Smalgausen Institut of Zoology, 1994).
44. Braak, C. ter & Šmilauer, P. CANOCO reference manual and CanoDraw for Windows user’s guide: software for canonical 

community ordination (version 4.5). Ithaca Microcomput. Power (2002).
45. Coulson, S. J., Hodkinson, I. D. & Webb, N. R. Microscale distribution patterns in high Arctic soil microarthropod communities: the 

influence of plant species within the vegetation mosaic. Ecography 26, 801–809 (2003).
46. Crowther, T. W. et al. Quantifying global soil carbon losses in response to warming. Nature 540, 104–108 (2016).
47. De Deyn, G. B. & Van der Putten, W. H. Linking aboveground and belowground diversity. Trends Ecol. Evol. 20, 625–633 (2005).
48. Björk, R. G. et al. Linkages between N turnover and plant community structure in a tundra landscape. Plant Soil 294, 247–261 (2007).
49. Mühlmann, O., Bacher, M. & Peintner, U. Polygonum viviparum mycobionts on an alpine primary successional glacier forefront. 

Mycorrhiza 18, 87–95 (2008).
50. Shoo, L. P., Storlie, C., Williams, Y. M. & Williams, S. E. Potential for mountaintop boulder fields to buffer species against extreme 

heat stress under climate change. Int. J. Biometeorol. 54, 475–478 (2010).
51. Parry, M. L. Climate change 2007-impacts, adaptation and vulnerability: Working group II contribution to the fourth assessment report 

of the IPCC. 4, (Cambridge University Press, 2007).
52. Abeli, T., Jäkäläniemi, A. & Gentili, R. Living with extremes: the dark side of global climate change. Plant Ecol. 215, 673 (2014).
53. Jonasson, S., Michelsen, A., Schmidt, I. & Nielsen, E. Responses in microbes and plants to changed temperature, nutrient, and light 

regimes in the arctic. Ecology 80, 1828–1843 (1999).
54. Orsenigo, S., Mondoni, A., Rossi, G. & Abeli, T. Some like it hot and some like it cold, but not too much: plant responses to climate 

extremes. Plant Ecol. 215, 677–688 (2014).
55. Alatalo, J. M., Jägerbrand, A. K. & Molau, U. Climate change and climatic events: community-, functional- and species-level responses 

of bryophytes and lichens to constant, stepwise, and pulse experimental warming in an alpine tundra. Alp. Bot. 124, 81–91 (2014).
56. Alatalo, J. M., Jägerbrand, A. K. & Molau, U. Impacts of different climate change regimes and extreme climatic events on an alpine 

meadow community. Sci. Rep. 6, 21720 (2016).
57. Harte, J., Rawa, A. & Price, V. Effects of manipulated soil microclimate on mesofaunal biomass and diversity. Soil Biol. Biochem. 28, 

313–322 (1996).

Acknowledgements
We thank the staff at Abisko Scientific Research Station for help and hospitality; Ulf Molau for allowing us to 
sample the long-term warming experiment in the wet meadow community; and Peter Čuchta for assistance in 
the field. JMA gratefully acknowledges the Carl Tryggers Foundation, which funded the study. The authors thank 
two anonymous reviewers for constructive comments that improved the manuscript.



www.nature.com/scientificreports/

1 1Scientific RepoRts | 7:44489 | DOI: 10.1038/srep44489

Author Contributions
J.M.A. initiated the long-term warming experiments in the heath and mesic meadow, carried out fieldwork and 
statistical analyses, prepared diagrams, was main author of the paper and obtained funding for the study. A.K.J. 
carried out statistical analyses, prepared diagrams, contributed to the writing and commented on the manuscript. 
J.J. carried out fieldwork, soil extraction, contributed to the writing and commented on the manuscript. A.M. 
carried out chemical soil analyses, contributed to the writing and commented on the manuscript. P.L. carried 
out fieldwork, soil extraction and species determination, contributed to the writing and commented on the 
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Alatalo, J. M. et al. Impacts of twenty years of experimental warming on soil carbon, 
nitrogen, moisture and soil mites across alpine/subarctic tundra communities. Sci. Rep. 7, 44489; doi: 10.1038/
srep44489 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Impacts of twenty years of experimental warming on soil carbon, nitrogen, moisture and soil mites across alpine/subarctic t ...
	Methods
	Study area. 
	Experimental design. 
	Sampling and analyses. 
	Soil chemical analyses. 
	Statistical analyses. 

	Results
	Soil parameters. 
	Dominance structure of mite groups. 
	Soil mite abundance. 
	Species-level responses. 
	Effect of environmental variables on composition and abundance of mites. 

	Discussion
	Acknowledgements
	Author Contributions
	Figure 1.  Box plots of soil parameters (total N, C, C/N ratio, soil moisture and pH in the organic soil layer) at the poor heath, mesic meadow and wet meadow study sites at Latnjajaure field station, subarctic Sweden.
	Figure 2.  Box plots of soil parameters (total N, C, C/N ratio, soil moisture, and pH in the mineral soil layer) at the poor heath, mesic meadow and wet meadow study sites at Latnjajaure field station, subarctic Sweden.
	Figure 3.  Relative dominance of different mite groups (Prostigmata, Astigmata, Gamasina, Uropodina and Oribatida) in soil at the poor heath, mesic meadow and wet meadow sites at Latnjajaure field station, subarctic Sweden.
	Figure 4.  Box plots of mean total mite abundance (ind.
	Figure 5.  Box plots of mean abundance (×103 ind.
	Figure 6.  Plot of constrained Canonical Correspondence Analysis (CCA) on abundance change in mite species/groups after 19 (mesic meadow and poor heath) and 21 (wet meadow) years of experimental perturbations.



 
    
       
          application/pdf
          
             
                Impacts of twenty years of experimental warming on soil carbon, nitrogen, moisture and soil mites across alpine/subarctic tundra communities
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44489
            
         
          
             
                Juha M. Alatalo
                Annika K. Jägerbrand
                Jaanis Juhanson
                Anders Michelsen
                Peter Ľuptáčik
            
         
          doi:10.1038/srep44489
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep44489
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep44489
            
         
      
       
          
          
          
             
                doi:10.1038/srep44489
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44489
            
         
          
          
      
       
       
          True
      
   




