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Appendix 1 

 

An ecological function in crisis? – the temporal overlap between plant flowering and 
pollinator function shrinks as the Arctic warms  

 

Niels M. Schmidt, Jesper B. Mosbacher, Palle S. Nielsen, Claus Rasmussen, Toke T. Høye, and 
Tomas Roslin 

 

 

Climatic development at Zackenberg, 1996 to 2013 

Climatic data were obtained from a local climate tower, located in the center of the study area. 

Onset of the snow-free season was estimated from an automatic snow sensor and was defined as 

the day of year where less than 10 cm of snow was measured beneath the sensor. Below this 

snow depth, the sensor becomes inaccurate. As a measure of temperature, the near-surface mean 

air temperature in June through August was used.  
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Fig. A1. Development in abiotic conditions at Zackenberg in High Arctic Greenland from 1996 

to 2013. The left-hand panel shows the mean near-surface temperature in summer (June through 

August), with the line showing a significant temporal trend (R2=0.37, F1,16=9.49, P=0.007). The 

right-hand panel shows the timing of onset of the snow-free season in days after 1 January 

(DOY).	This metric exhibited large inter-annual variability and thus no significant temporal 

trend. Solid lines show significant trend lines (P<0.05), while dotted lines show non-significant 

trends.  

 

Material and methods 

 

Study area and phenology data 

The on-going monitoring program Zackenberg Basic in high arctic Greenland (74°28’N, 

21°33’W) provides parallel data series on the timing of phenological events in the plant and 

pollinator communities, as well as data series on local abiotic conditions. The climate at 

Zackenberg is high arctic with a mean summer temperature of about +6°C (Hansen et al. 2008). 

The Zackenberg valley consists of a mosaic of tundra habitat types in which a number of 

permanent plots for monitoring plant flowering and arthropod emergence are located. Plots are 

located within a radius of approximately 700 meters in the valley lowland. 

 

Estimates of community-wide phenological responses 

To describe the community-wide responses of the plant-pollinator interactions to the changing 

abiotic conditions, we combined the long-term data on the timing of phenological events in the 

plant community with information on mutualistic links in the plant-pollinator network, pollinator 
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abundance and pollinator efficiency (here sensu pollen transport, an important component of the 

pollination process (Ne'eman et al. 2010, Orford et al. 2015). By combining this information 

with weekly counts of individual insect taxa, we produce annual measures of temporal overlap 

between the flowering season of plant and the availability of the pollen-transport service.  

We first estimated the onset and end dates of flowering for the 6 plant species that are 

included in the monitoring at Zackenberg (Cassiope tetragona (4 plots), Dryas sp. (6 plots), 

Papaver radicatum (4 plots), Salix arctica (7 plots), Saxifraga oppositifolia (3 plots) and Silene 

acaulis (4 plots)). These species are among the plants most frequently visited by pollinators at 

Zackenberg (Olesen et al. 2008). The onset of flowering was calculated as the date at which 50% 

of the buds within a plot had opened, while the end of flowering was calculated as the date where 

50% of the flowers were senescent. Plots were visited on a weekly basis, and phenological dates 

were calculated by linear interpolation between these for each plot separately. To obtain the 

community-wide measures of plant flowering, we subtracted and added one standard error to the 

yearly mean day of year of 50% onset and end of flowering across all plots, to arrive at the onset 

and end of flowering, respectively (following Høye et al. 2013). To reflect the contribution of the 

individual plant species to community function, the contribution of each plant species to the 

community-level flowering phenology was weighted by its relative number of links in the 

pollinator network and the relative pollen carrying capacity of the pollinator visiting the plant 

(Equation 1; Table A1). Data on the number of mutualistic links in the Zackenberg network were 

obtained from Rasmussen et al. (2013). Duration of flowering was calculated as the number of 

days between onset and end of flowering.  

 

𝐹𝑙𝑜𝑤𝑒𝑟𝑖𝑛𝑔 𝑑𝑎𝑡𝑒!,! = 𝐷𝑂𝑌!,!,! ∗
!"##$%!∗!"#$%!,!
!"##$%!∗!"#$%!,!

!
!!!    (Eq. 1) 



4	
	

 

where DOYi,j,k is the day of year of the phenological event i for plant species j in year k, Linksj,z is 

the number of mutualistic links of plant species j to pollinator group z. Pollenz is the pollen 

carrying capacity of pollinator group z. 

 

Data on pollinator emergence was estimated from weekly trappings of arthropods, pooled 

from a total of 6 trapping stations (1 station with 2 flight intercept traps, and 5 pitfall stations 

with 4-8 pitfall traps each). Capture rates were expressed as number of individuals caught per 

trap day. For each of the dominant pollinator groups (Table A1), we calculated the day of year 

for onset (5% emergence) and for end (95% emergence) of the flight season (for detailed 

equations, see Høye et al. 2013). A total of 341,528 individuals (from 10 pollinator groups; 

dominated by Chironomidae and Muscidae; Table A1), trapped over 47,250 trap days in the 

period 1996 to 2013, were included. To obtain a community-wide measure of the pollen transfer 

season, i.e. an estimate of the functional flight season of the pollinators, we calculated the 

community-wide emergence date (onset and end), with the contribution of each pollinator group 

to emergence date weighted by its relative abundance, and by its relative pollen carrying capacity 

(Equation 2; Table A1).  

 

𝐸𝑚𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝑑𝑎𝑡𝑒!,! = 𝐷𝑂𝑌!,!,! ∗
!"##$%!∗!"#$%&$'(!,!
!"##$%!∗!"#$%&$'(!,!

!
!!!    (Eq. 2) 

 

where DOYi,j,k is the day of year of the phenological event i for pollinator group j in year k, 

Abundancej,k is the abundance of pollinator group j in the community in year k. Pollenj is the 

pollen carrying capacity of pollinator group j.  
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Group-specific pollen carrying capacity was estimated by counting the number of pollen grains 

on individual specimens from the dominant pollinator groups (Table A1). Specimens were 

caught randomly within a few hundred meters from arthropod traps using a hand net. The 

resultant individuals were transferred to clean plastic containers, frozen as soon as possible, and 

kept frozen until processing at Aarhus University, Denmark. Pollen carrying capacity was 

estimated as the median number of pollen on 20–40 specimens from each pollinator group using 

a stereomicroscope (40× magnification). Pollen grains were counted on head, thorax, abdomen 

and legs independently on each individual. For the bumblebees, pollen contents in the pollen 

basket (corbicula) were not included, as pollen therein are returned to the hive and are not 

included in the pollination process. Specimens were collected during the plant flowering season 

(i.e. early July to mid-August) in 2009, 2011 and 2012. Specimens from 2009 and 2011 were 

preserved in ethanol until processing in 2012. The pollen carrying capacity can hence be 

regarded as a season-wide, time-integrated estimate of the pollen carrying capacity. 

 

A key assumption behind the current metric of functioning is that many taxa of the same 

phylogenetic affinity come with the same pollen-carrying efficiency (Table A1). Indeed, the 

pollinator community of the far north may be relatively insensitive to predicted shifts in plant 

composition, due to the generalist nature of most, but not all, pollinator species there (Rasmussen 

et al. 2013). The diversity of mutualistic links in the plant-pollinator network may act as buffer 

against functional loss if interacting partners is lost. 
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Table A1. Overview of the mutualistic links in the high arctic plant-pollinator network, the 

pollen carrying capacity of the pollinator groups, and the relative abundance of the various 

pollinator groups at Zackenberg included in the analyses. Number of mutualistic links (number 

of individual pollinator visits) was obtained from Rasmussen et al. (2013). 

Pollinator 
group 

Number of mutualistic links 
  

Pollen carrying 
capacity 

 

Abun-
dance 

C
assiope tetragona 

D
ryas sp. 

Papaver radicatum
 

Salix arctica 

Saxifraga 
oppositifolia 

Silene acaulis 

Total 
 

M
edian 

M
inim

um
 

M
axim

um
 

 

R
elative abundance 

Muscidae1 13 77 49 26 9 7 181  68 5 405 
 

22.88 
Chironomidae2 2 146 50 61 4 9 272  0 0 2 

 
60.14 

Sciaridae3 0 6 4 3 6 0 19  5 0 30 
 

4.49 
Phoridae 0 1 0 0 0 0 1  5 0 12 

 
7.74 

Empididae 5 52 15 13 0 1 86  135 25 1050 
 

0.21 
Scathophagidae 0 3 2 2 1 0 8  11 0 425 

 
0.60 

Syrphidae 0 12 5 3 0 0 20  95 20 430 
 

0.34 
Ichneumonidae 0 0 1 0 2 0 3  31 1 1450 

 
3.09 

Bombus4 0 0 8 1 0 0 9  640 260 16000 
 

0.13 
Lepidoptera5 0 2 0 1 0 64 67  30 5 280 

 
0.40 

Total 20 299 134 110 22 81 666   - - - 
 

- 
 

Notes: 1includes Anthomyiidae, 2includes Ceratopogonidae, 3includes Mycetophilidae, 4consists 

of Bombus polaris and B. hyperboreus, and 5consists of Noctuidae, Geometridae, Lycaenidae, 

Pieridae, Nymphalidae and Totricidae. 
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Analyses of community-wide phenological responses 

To test whether the plant flowering and the pollen-transport function responded differently to the 

changing abiotic conditions in the High Arctic, we used response-specific generalized linear 

models. Each metric of phenology was modelled as a function of year, response type (plant 

flowering or pollen transport function) and their interaction (Fig. A2). Here, our key interest is in 

the interaction term (year×response type), as a significant interaction will imply different 

temporal trends within the plants and the pollination function. For each response, we assumed an 

identity link function and normally distributed errors. Statistical inference was based on the F-

ratio of the interaction term, using the GLM procedure in SAS 9.3 (SAS Institute Inc. 2011). 

Using the same approach, we also tested whether the relationship between the phenological 

measures and the local abiotic conditions (temperature and snow-melt (Høye et al. 2013, Høye et 

al. 2007)) differed between the two communities (Fig. A2). Finally, using GLMs we tested how 

the temporal overlap between the plant flowering or pollen transport function seasons has 

changed during the study period (Fig. A3) and how it was linked to summer mean temperature 

(Fig. 1c) and snow-melt (Fig. A3). 
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Fig. A2. Rates of change in phenological measures in the plant and pollinator communities at 

Zackenberg in High Arctic Greenland from 1996 to 2013. The upper panels show the onset of 

the season in relation to onset of snow-melt (left), mean summer temperature (mid), and time 

(right). The middle panels show the duration of the season and the lower panels show the end of 

the season in relation to the same predictors. Within each panel, we report the test statistics (F-

ratio) for the interaction between the predictor in question and response type (plants versus 

pollen transport). Here, a significant interaction reflects differential responses between the two 

responses. Solid lines show significant trend lines (P<0.05), while dotted lines show non-

significant trends. 
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Fig. A3. Rates of change in temporal overlap between plant flowering and pollen transfer 

seasons at Zackenberg in High Arctic Greenland from 1996 to 2013. Left panel shows the 

temporal change in the overlap during the study period (R2=0.16, F1,15=2.778, P=0.116), while 

the right panel shows the relationship between the temporal overlap and timing of snow-melt 

(R2=0.24, F1,15=4.781, P=0.045). Solid lines show significant trend lines (P<0.05), while dotted 

lines show non-significant trends. 

 

Is the functional approach important? 

To illustrate the importance of taking a functional approach in the examination of phenological 

change and its community-wide implications, we present the exact same panels in Fig. A4 below 

as in Fig. 1 of the main paper, but now show only the raw phenological data from the two 
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communities (i.e. not weighted by pollinator abundance, pollen carrying capacity or number of 

mutualistic links). As is evident from a comparison of Fig. 1 to and Fig. A4, adding a functional 

dimension changes the perception of the on-going change and hence its functional implications: 

Though generally exhibiting the same temporal patterns, using raw phenological data clearly 

shifts the community-wide flowering and pollen transfer seasons (Fig. A4a). What changes the 

most is the relationship between summer temperature and the duration of the community-wide 

pollen transfer season (with the duration declining instead of increasing with increasing 

temperatures). In addition, neither the duration of the pollen transfer season nor the plant 

flowering season are now significantly correlated with summer temperature (Fig. A4b and Fig. 

1b). Moreover, the significant correlation between the temporal overlap between the two 

communities and summer temperature disappears (Fig. A4c and Fig. 1c).  
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Fig. A4. Community-wide phenological responses at Zackenberg, High Arctic Greenland, 1996 

to 2013, based on unweighted, simple mean phenological dates across plant species and 

pollinator groups. As in Fig. 1, a) shows the duration of plant flowering (green) and pollen 

transfer season (grey) during the study period. DOY refers to the day of year after 1 January 

(data from 2010 are missing); b) shows the duration of flowering (green) and pollen transfer 

season (grey) in relation to summer mean temperature, and c) shows the temporal overlap 

between the flowering and the pollen transfer seasons in relation to summer mean temperature. 

Solid lines show significant trend lines (P<0.05), while dotted lines show non-significant trends. 

The figure may be compared with Fig. 1 of the main paper, as including the same panels but 

showing data functionally weighted by Eq. 1 and 2 (above). 
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