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Abstract

In temperate regions there are clear indications that spring flowering plants are flowering
earlier due to rising temperatures of contemporary climate change. Temperatures in temperate
regions are rising predominantly in spring. However, Arctic regions are seeing unprecedented
temperature increases, predominantly towards the end of the growing season. We might,
therefore, expect to see earlier flowering of later-season flowering Arctic plants. Parks
Canada has been monitoring purple saxifrage (Saxifraga oppositifolia) and mountain avens
(Dryas integrifolia) flowering and fruiting times for 20 years at Tanquary Fiord, Quttinirpaaq
National Park, Ellesmere Island. S. oppositifolia flowers in early spring, while D. integrifolia
flowers in mid-summer. Over the 20 year period, Tanquary Fiord’s annual and late-summer
temperatures have risen significantly. During the same timeframe, D. integrifolia showed a
trend towards earlier flowering and fruiting, but S. oppositifolia showed no changes in
flowering or fruiting time. Flowering time was related to monthly temperatures just prior to
flowering. The number of flowers produced was related to the previous autumn’s monthly
temperatures. We found no relationship between flowering time and snow melt date. Our
findings suggest that Arctic community-level ecological effects from climate change induced

phenology changes will differ from those in temperate regions.
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Introduction

Flowering times of many temperate spring flowering plants are advancing due to rising
temperatures associated with recent climate change (Fitter et al. 1995, Abu-Asab et al. 2001,
Primack et al. 2004, Beaubien and Hamann 2011, Panchen et al. 2012). Fruiting responses to
climate change in temperate regions are less well studied and the changes less clear (Gordo
and Sanz 2010, Gallinat et al. 2015). In temperate regions of Europe, some species are
advancing their fruiting time due to rising temperatures of climate change (Menzel et al.
2006, Gordo and Sanz 2010, Van Vliet et al. 2014). However, in a North American study, the
fruiting time of earlier-flowering species advanced with warmer temperatures, while the
fruiting time of later-flowering species was delayed with warmer temperatures (Sherry et al.
2007). Temperatures in temperate regions have been rising since the 1960s, with increases
being most pronounced during spring (Menne et al. 2010). Temperatures in the eastern
Canadian Arctic, however, have been rising very rapidly since the 1990s but predominantly
at the end of the summer and during winter (Przybylak 2003, McBean 2004, Furgal and
Prowse 2007, AMAP 2011). In comparison to temperate regions, the different pattern and
timing of climate change in the Arctic might result in different phenological responses of
Arctic plants to climate change. By documenting Arctic phenological responses to climate
change, we add to the picture of how plants respond to climate change.

Time of flowering is most often controlled by temperature or day length (photoperiod) or a
combination of the two (Bernier and Périlleux, 2005). Photoperiod control of flowering time
is seen in some Arctic species but temperature is the main driver for Arctic plant flowering
time (Porsild 1980, Thorhallsdottir 1998, Keller 2003, Hiilber et al. 2010). Vernalisation or a
chilling period followed by a cumulative period of warmer temperatures (growing degree

days) controls time of flowering (Bernier and Périlleux 2005).
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Unlike temperate regions, where there are many sources of long-term data on flowering and
fruiting times of plants (Primack 2003, Primack and Miller-Rushing 2009, Culley 2013), the
remoteness of the Arctic introduces challenges in obtaining long term phenology data and
consequently there are few datasets on the flowering and fruiting times of Arctic plants over
an extended period of time (Hoye et al. 2007).

Parks Canada’s Nunavut Field Unit established an International Tundra Experiment (ITEX)
(Molau and Melgaard 1996, Henry and Molau 1997) phenology monitoring program in 1994
at Quttinirpaaq National Park to monitor the flowering and fruiting times of purple saxifrage
(Saxifraga oppositifolia L. (Saxifragaceae), aupilattunnguat (Inuktitut)) and mountain avens
(Dryas integrifolia Vahl (Rosaceae), malikkaat (Inuktitut)) at the Tanquary Fiord warden
station. S. oppositifolia and D. integrifolia are two common circumpolar Arctic plant species
with a wide distribution across the Canadian Arctic Archipelago (Aiken et al. 2003, Elven
2003). These two species are often dominant in the Quttinirpaaq National Park landscape
(Soper and Powell 1985, Edlund and Alt 1989). S. oppositifolia is one of the first Arctic
plants to flower in spring, while D. integrifolia flowers in mid-summer. The 20-year
Tanquary Fiord ITEX phenology dataset provides a unique opportunity to study how two
species of Arctic plants that flower at different times during the growing season are
responding to climate change.

With Arctic temperature changes occurring predominantly at the end of the growing season
and winter, our hypothesis is that later-season flowering plants are flowering earlier and
Arctic plant fruits in general are maturing earlier, which we test herein with the .
oppositifolia and D. integrifolia Tanquary Fiord, Quttinripaaq National Park dataset. We
determine which monthly temperatures have the greatest influence on the time of flowering
and fruiting of S. oppositifolia and D. integrifolia, whether snowmelt influences time of

flowering of these two species and whether temperatures in the previous year influence the
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quantity of flowers produced by these two species in the following year. We also address
which monthly temperatures are rising at Tanquary Fiord.

Materials and methods

Site

Quttinirpaaq National Park is situated on northern Ellesmere Island in the Canadian Arctic
Archipelago. Tanquary Fiord is the name of the main warden station in the park and is
located at the head of Tanquary Fiord at 81.4°N 76.7°W. The region is a polar desert with
mean annual precipitation of less than 50 mm (Edlund and Alt 1989, Przybylak 2003). The
ITEX phenology plots are located on the edge of a gravel wash on the MacDonald River
delta. The vegetation is discontinuous in the vicinity of the ITEX plots (Fig. 1A)

In 1994, Parks Canada’s Nunavut Field Unit established two ITEX phenology monitoring
50m x 50m plots within a 15-minute walk from the Tanquary Fiord warden station. The park
staff randomly tagged 25 S. oppositifolia plants in the first plot and 25 D. integrifolia plants
in the adjacent plot. The tagged plants ranged in diameter from 15cm to 60cm and were
spaced at least 0.5m apart (Fig. 1) (Raillard 1999).

Flowering and fruiting data

Every three days during spring and summer of 1994 to 2014, park staff recorded the number
of flowers open on each tagged S. oppositifolia and D. integrifolia plant (Parks Canada
2002). A flower was considered open when the petals were open and the anthers visible. The
protocol required that a flower be considered open until all its petals dropped. S. oppositifolia
flower counts started too late in 1994 to determine peak flower as the plots were set up during
the midst of the S. oppositifolia flowering period. Not all plants flowered every year, and five
S. oppositifolia plants appear to have died over the last seven years of monitoring. The
number of S. oppositifolia plants that flowered each year ranged from 18 to 25 except in 2001

when only 14 plants flowered. The mean number of S. oppositifolia plants that flowered each
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year was 22.25 with a standard deviation of 2.56. The number of D. integrifolia plants that
flowered each year ranged from 19 to 25 except in 1998 when only 11 plants flowered. The
mean number of D. integrifolia plants that flowered each year was 22.67 with a standard
deviation of 3.00.

Every three days, park staff also counted the number of mature fruits on each S. oppositifolia
plant and the number of twisted fruits on each D. integrifolia plant. A S. oppositifolia fruit
was considered mature when its two carpels turned red and were swollen (Fig. 2A). A D.
integrifolia fruit was considered to have twisted fruit when its styles had extended and
twisted around each other (Fig. 2B). No mature fruit were recorded on the S. oppositifolia in
2009 and 2011. There were also no D. integrifolia twisted fruit counted in 1996.

For all 25 S. oppositifolia plants and separately for all 25 D. integrifolia plants, we summed
the number of flowers and summed the number of fruits per visit per year. We determined
peak flower and peak fruit day of year for each year for both species. We defined peak flower
or fruit day of year as the number of days from 1% January to the day when the number of
flowers or fruit first reached 90% of the maximum number of flowers or mature/twisted fruit
counted that year. This ameliorated the problem in the protocol of requiring flowers to be
counted until they dropped their petals. In the case of S. oppositifolia and, to a lesser extent
D. integrifolia, petals persisted on plants well beyond anthesis (Fig. 2A), causing flowers to
continue to be counted beyond the true open flower stage.

Temperature data

Parks Canada established a weather station at Tanquary Fiord in 1989. Temperature data
from the weather station provided daily minimum, maximum and mean temperatures from
1989 to 2002 and hourly temperatures from 2003 to 2014. We calculated the monthly mean
minimum, monthly mean maximum and monthly mean temperature by averaging the daily

minimum, maximum and mean temperatures for each month from 1989 to 2002. For 2003 to
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2014, we first determined the daily minimum, maximum and mean temperature from each
day’s hourly temperatures followed by averaging these daily minimum, maximum and mean
temperatures for each month. There were some months in which the Tanquary Fiord daily or
hourly temperature data were incomplete. For months with incomplete temperature data, we
reconstructed the Tanquary Fiord monthly temperatures from the Eureka, Ellesmere Island,
Nunavut, Environment Canada Weather Station temperature data (Environment Canada,
2014) using the method described by Leathers et al. (2008) and Panchen et al. (2012) (Table
S1). The Eureka Weather Station (79.59°N, 85.56°W) is the closest weather station to
Tanquary Fiord and experiences a similar climate (Edlund and Alt, 1989). We also calculated
the annual mean minimum, annual mean maximum and annual mean temperature from the
monthly mean minimum, monthly mean maximum and monthly mean temperatures.
Statistical Analysis

To account for inter-annual variation, we calculated the five-year rolling average of peak
flower and peak fruit day of year for each species each year from the species yearly peak
flower and peak fruit day of year. To determine the rate of change in flowering or fruiting
time over the 20 years, we ran a regression analysis with the species’ five-year rolling
average of peak flower or fruit day of year as the response variable and year as the
independent variable. We also determined the year-to-year trend towards earlier flowering or
fruiting by running a regression with the species’ peak flower or fruit day of year as the
response variable and year as the independent variable. We used a single standard least
squares model per species to determine how much of the species’ peak flower day of year
was explained by year and April, May, June and July mean temperatures and a similar model
per species to explain the fruit day of year i.e. peak flower or peak fruit day of year was the
response variable and year and April, May, June and July mean temperatures were the

independent variables. To determine the rate of change in flowering or fruiting time with
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rising temperature for each species, a regression analysis was run with peak flower or fruit
day of year as the response variable and June mean temperature as the independent variable
for D. integrifolia and May mean temperature as the independent variable for S. oppositifolia.
June and May temperatures were used because in the standard least squares models, June was
the monthly temperature that had the greatest influence on the timing of flowering and
fruiting for D. integrifolia while May mean temperature had the greatest influence on the
timing of flowering for S. oppositifolia (Table 1). To determine if time of flowering of each
species is related to the snow melt date, we ran a regression with peak flower day of year as
the response variable and first snow free date as the independent variable. We used a standard
least squares model to determine how much of each species’ peak flower count of one year
was explained by June, July, August and September mean minimum temperatures of the
previous year i.e. a single multiple regression for each species with peak flower count as the
response variable and June, July, August and September mean minimum temperatures as the
independent variables. That is, does the previous year’s summer or autumn temperatures
affect the number of flowers that open in the following year? To determine the rate of rising
temperatures over the past 25 years at Tanquary Fiord, we ran regressions of Tanquary Fiord
annual and monthly mean minimum, mean maximum and mean temperatures versus year.
We also assessed the 1989-2014 average monthly temperatures variation through the year.
We used the JMP11 software package (SAS Institute, Cary, North Carolina, USA) for all
statistical analyses.

Results

Flowering and fruiting

The five-year rolling average of peak flower and fruit day of year for D. integrifolia from
1994 to 2014 showed a significant trend towards earlier flowering and fruiting of 3.6

days/decade and 5.8 days/decade, respectively (flowering: R° = 0.67, P < 0.0001, N=17 and
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fruiting: R’ = 0.46, P = 0.003, N = 17) (Fig. 3). Without rolling averages, there was a year-to-
year trend from 1994 to 2012 towards earlier flowering and fruiting for D. integrifolia of 5.2
days/decade and 8.9 days/decade, respectively (flowering: R° = 0.27, P =0.0223, N= 19 and
fruiting: R’ =0.25,P=0.0336, N= 18). However, when the 2013 and 2014 data were added,
the year-to-year trend towards earlier peak flowering and fruiting for D. integrifolia was not
significant (flowering: R = 0.04, P =0.3581, N =21 and fruiting: R* = 0.08, P = 0.2313, N =
20). The five-year rolling average of peak flower and fruit day of year for S. oppositifolia
showed no trend towards earlier flowering or fruiting (flowering: R’ = 0.06, P = 0.3481, N =
16 and fruiting: R° = 0.03, P = 0.4769, N = 17) (Fig. 3). Likewise, without rolling averages,
there remained no year-to-year trend towards earlier peak flowering or fruiting for S.
oppositifolia.

Much of the variation in D. integrifolia peak flower day of year was explained by year and
April, May, June and July mean temperatures (Table 1). D. integrifolia flowering time
advances by 2.3 days/°C rise in June mean temperature (R’ = 0.54, P = 0.0001, N = 21).
Similarly much of the variation in D. integrifolia peak fruit day of year was explained by year
and April, May, June and July mean temperatures, albeit with only June mean temperature as
a significant term in the model (Table 1). D. integrifolia fruiting time advances by 3.4
days/°C rise in June temperature (R’ = 0.47, P = 0.0008, N = 20). Some of the variation in .
oppositifolia peak flower day of year was explained by year and April, May and June mean
temperatures, albeit with only May mean temperature as the significant term in the model
(Table 1). S. oppositifolia flowering time advances by 1.8 days/°C rise in May mean
temperature (R = 0.30, P = 0.0127, N = 20). However, no variation in S. oppositifolia peak
fruit day of year was explained by year and monthly mean minimum temperatures (Table

1).There was no relationship between peak flower day of year and snow melt date for either
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species (S. oppositifolia: R° = 0.12, P=0.1638, N= 18 and D. integrifolia: R° = 0.01, P =
0.6813, N=18).

Much of the variation in the peak number of D. integrifolia flowers is explained by the
previous year’s June, July, August and September mean minimum temperature (R’ = 0.47, P
=0.0316, N =21), with August mean minimum temperature as the only significant term in
the model (P = 0.0111). There was a positive relationship between peak number of S.
oppositifolia flowers and the previous year’s October mean minimum temperatures (R’ =
0.27, P=0.0188, N = 20), although the model with the previous year’s June, July, August
and September mean minimum temperature as the independent variables was not significant
(R*=0.13, P=0.7072, N = 20).

Temperature

The annual mean minimum, mean maximum and mean temperatures at Tanquary Fiord have
risen significantly over the past 25 years (Fig. 4A, Table 2). There is a significant trend
towards warmer temperatures for January, March, July, August, September and October
(either at o = 0.05 or o = 0.10) (Fig. 4B, Table 2). The annual and monthly mean minimum
temperatures are rising more than the annual and monthly mean maximum and mean
temperatures (Fig. 4, Table 2).

The Tanquary Fiord average 1989-2014 monthly temperature varied little across the months
of January, February and March, hovering at approximately -35°C (Fig. 5, Table S2).
Temperatures rose dramatically in April and May, to above zero by the start of June.
Temperatures in June, July and August varied between months by approximately 5°C.
Temperatures dropped dramatically in September and October and less steeply in November

and December.
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Discussion and conclusions

Flowering and fruiting times of the mid-summer flowering Dryas integrifolia have advanced
significantly over the 20 years from 1994 to 2014, but flowering and fruiting times of the
early spring flowering Saxifraga oppositifolia have not changed significantly. This pattern is
in striking contrast to temperate regions, in which it is predominantly spring flowering plants
that are flowering earlier while summer flowering plants and fruiting times are showing less
of a trend towards earlier flowering and fruiting (Fitter et al. 1995, Abu-Asab et al. 2001,
Primack et al. 2004, Menzel et al. 2006, Panchen et al. 2012). The earlier flowering of
summer, but not spring, flowering species might be expected in the Arctic given that the
temperatures towards the end of the growing season are warming the most and flowering
times are highly dependent on temperatures in the one or two months prior to flowering
(Fitter et al. 1995, Thoérhallsdottir 1998, Panchen et al. 2012). Given that fall and winter
temperatures are warming in the Arctic, the early spring flowering species S. oppositifolia
may not be able to flower earlier because of vernalisation limitations (Cook et al. 2012b).
The advance in flowering time of D. integrifolia at Tanquary Fiord of 3.6 day/decade and 2.3
days/°C is comparable to spring flowering plants that are advancing the most in temperate
north-eastern North America (Bradley et al. 1999, Abu-Asab et al. 2001, Ledneva et al. 2004,
Primack et al. 2004, Wolfe et al. 2005, Lavoie and Lachance 2006, Miller-Rushing and
Primack 2008, Panchen et al. 2012), perhaps reflecting the rapid climate change that the
Arctic is experiencing (McBean 2004, Hoye et al. 2007, AMAP 2011) and the greater
sensitivity of colder climate plants (Cook et al. 2012a) but also indicating the substantial
phenological plasticity of D. integrifolia. The above noted differences in the pattern of
phenological responses to climate change between the Arctic and temperate regions may

result in different community-level ecological effects in Arctic versus temperate regions.
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Our results also indicate that temperatures in the months just prior to flowering are most
important in the timing of flowering. S. oppositifolia flowering time is primarily induced by
temperatures one month prior to flowering, whereas D. integrifolia flowering is induced by
the cumulative temperatures of the prior three months. D. integrifolia and S. oppositifolia also
showed a difference in their flowering time temperature sensitivity (1.8 days/°C for S.
oppositifolia versus 2.3 days/°C for D. integrifolia). Variation in phenological responses
across taxa to a warming climate is a common finding across temperate, alpine and Arctic
regions (Fitter et al. 1995, Thorhallsdottir 1998, Abu-Asab et al. 2001, Panchen et al. 2012,
CaraDonna et al. 2014). The variation in flowering time temperature sensitivity plus the
different monthly temperatures to which these two species showed flowering time
temperature sensitivity may have implications for ecological community assembly, such as
mismatches in timing between flowering time and pollinators ( Hegland et al. 2009,
McKinney et al. 2012, Hoye et al. 2013). These differences in phenological responses to
climate change of two species that dominate the landscape could also result in change of the
dominant species in the ecological community assembly.

Our findings are consistent with a meta-data analysis of the pan Arctic ITEX data set using
warmed and control plots and a long-term study in Swedish Lapland, which showed greater
sensitivity to warming of later flowering species (Molau et al. 2005, Prevéy et al. 2014). Our
findings are also consistent with a long-term study of flowering time in Iceland showing
warming just prior to flowering as the main reason for earlier flowering (Thorhallsdottir
1998). Studies with warmed and control plots and long term phenology studies indicate a
trend towards earlier flowering and fruiting for D. integrifolia and D. octopetala L., a
congener and close relative of D. integrifolia, but no trend for S. oppositifolia (Wookey et al.
1993, Wookey et al., 1995, Stenstrom et al. 1997, Welker et al. 1997, Molau 2001, Haye et

al. 2007a, Cadieux et al. 2008, Ellebjerg et al. 2008). In addition, Keller and Korner (2003)
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found S. oppositifolia time of flowering not to be sensitive to either temperature or
photoperiod, which also supports our findings of no trend towards earlier flowering time for
S. oppositifolia. However, our findings differ from an ITEX study at Alexandra Fiord,
Ellesmere Island, Nunavut, Canada where summer flowering plants trended towards later
flowering (Bjorkman et al. 2015). This discrepancy could be a consequence of (1) monitoring
start of flowering time, rather than peak flowering time, the former of which typically has
more variation (Miller-Rushing et al. 2008) or (2) experimental warming studies under-
prediction of responses to climate change (Wolkovich et al. 2012), or (3) a possible increase
in snow accumulation over the study period at Alexandra Fiord (Bjorkman et al. 2015).
Twenty years, however, appears to be too short of a time period to see a consistent year-to-
year trend in earlier flowering or fruiting times. In comparison to the previous decade, 2013
was exceptionally cold and snowy in the Canadian Arctic Archipelago (fig. 4B). The addition
of the 2013 flowering and fruiting data to the analysis therefore, not too surprisingly,
eliminated the earlier flowering and fruiting trend that had been seen in D. integrifolia up
until 2012. However, the rolling average, which accounts for inter-annual variation, showed
D. integrifolia’ flowering and fruiting times advancing with the inclusion of the 2013 data.
This should come as no surprise insofar as multi-year moving averages smooth through
single-year anomalies. It will be interesting to see what the next few years of temperature and
phenology data tell us about the trend of D. integrifolia’ towards earlier flowering and
fruiting.

Because Arctic temperature rises are predominantly occurring at the end of the growing
season (and winter), we had expected to see earlier fruiting times for S. oppositifolia, as well
as D. integrifolia. An earlier fruiting trend for S. oppositifolia might have been masked by the
fact that ripening fruits continued to be counted as open flowers even when the petals were

wilted because the Tanquary Fiord ITEX protocol required counting something as an open
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flower until the petals dropped. S. oppositifolia petals persist into the fruiting stage and hence
some mature fruits may have been counted as open flowers when they should have been
counted as mature fruits. The protocol has now been changed and the use of the method
whereby the peak flowering date is assumed to be the date of 90% of the maximum flower
counts will enable the data to be analysed consistently across the pre- and post-protocol
change.

In contrast to some alpine and Arctic studies (e.g. Haye et al. 2007b, Anderson et al. 2012),
but in agreement with others (e.g. Kudo and Hirao 2006, Kimball et al. 2014), we found no
relationship between flowering time and snow melt date for S. oppositifolia and D.
integrifolia. This could perhaps be because snow accumulation at Tanqaury Fiord is low,
with less than 50 mm precipitation per year (Edlund and Alt 1989, Thompson 1994,
Przybylak 2003). Similarly, a long-term study in the central highlands of Iceland, another
polar desert region, also found no relationship between time of flowering and snow melt date
except in two years with high snow accumulation (Thérhallsdottir 1998). The lack of a
relationship between flowering time and snow melt date could also be an artifact of the
arrival time of park staff who, in some years, arrived too late to record an accurate first snow
free day.

At Tanquary Fiord, the previous year’s late summer temperatures were correlated with the
number of D. integrifolia flowers opening the following year. This is to be expected because
Arctic plants pre-form their flower buds in the year or years prior to flowering, presumably to
maximise reproductive success in the very short Arctic growing season (Sgrensen 1941).
Given the dependence on prior year’s temperatures to form flower buds for the next year,
extreme events and more varied climates could be problematic for reproductive success of
Arctic plants (Inouye and McGuire 1991, Inouye 2008). The correlation of the number of S.

oppositifolia flowers with the previous year’s October mean minimum temperatures may
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indicate a greater susceptibility of S. oppositifolia flower buds to cold damage because the
flower buds are above ground, while D. integrifolia flower buds are below ground. There is
likely little snow in October at Tanquary Fiord to insulate and protect the above ground buds
of S. oppositifolia when the temperatures drop dramatically (Fig. 5).

The sampling protocol used in this monitoring program was to select 25 plants at the start of
the monitoring program and monitor these same plants each year. The disadvantage, as was
seen at Tanquary Fiord, is that Arctic plants do not flower every year and some of the plants
may die, reducing the yearly sample size. Never-the-less, with the exception of one year for
each species, the sample size remained reasonably close to the original sample size across the
20 year period. An alternative approach is to select 25 plants each year that have indications
that they will flower in order to ensure a more consistent sample size each year. However, the
alternative approach could bias the results towards earlier flowering plants, is more labour
intensive than the approach used at Tanquary Fiord, introduces variance in the time series due
to different phenotypes of the individual plants and could introduce inconsistencies in the
plant selection method from year to year. The advantage of the approach used at Tanquary
Fiord is that it is less labour intensive than the alternative approach, the selected sample is
consistent year after year and eliminates variation in the time series due to individual plant
phenotypes.

Unlike temperate regions, but comparable to the Arctic in general, the most significant
warming at Tanquary Fiord is towards the end of the growing season and during the winter
(Przybylak 2003, McBean 2004, Furgal and Prowse 2007, AMAP 2011). Tanquary Fiord’s
monthly mean minimum temperatures are rising more than the monthly mean maximum
temperatures and monthly mean temperatures. Monthly mean minimum temperatures are also
rising more than monthly mean maximum temperatures and monthly mean temperatures in

temperate regions (Menne et al. 2010).
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Our study indicates a different pattern in the response of Arctic plants to a warming climate
compared to temperate regions, with the mid-summer flowering species, D. integrifolia,
trending towards earlier flowering and fruiting, but the early spring flowering species, S.
oppositifolia, showing no trend towards earlier flowering and fruiting. Hence changes in
ecological and community level interactions could play out differently in the Arctic than in

temperate regions (Hegland et al. 2009, McKinney et al. 2012, Hoye et al. 2013).
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Figure Captions

Fig. 1. International Tundra Experiment (ITEX) phenology monitoring area at Tanquary
Fiord, Quttinirpaaq National Park, Nunavut, Canada A) Dryas integrifolia tagged plants B)
Saxifraga oppositifolia plant 19. The string is to aid in accurately counting the large number
of flowers.

Fig. 2. A) Mature fruit stage of Saxifraga oppositifolia and B) twisted fruit stage of Dryas
integrifolia.

Fig. 3. Peak flower (A) and peak fruit (B) day of year (DOY) five-year rolling average from
1994 to 2014 at Tanquary Fiord, Quttinirpaaq National Park, Nunavut, Canada, showing
Dryas integrifolia (squares and solid trend line) had a significant trend towards earlier
flowering of 3.6 days/decade (R’ = 0.67, P < 0.0001, N = 17) and earlier fruiting of 5.8
days/decade (R’ = 0.46, P = 0.003, N = 17) but Saxifraga oppositifolia (diamonds and dashed
trend line) had no significant trend towards earlier flowering (R’ =0.06, P=0.3481, N=16)
or earlier fruiting (R°=0.03, P=0.4769, N=17).

Fig. 4. Change in temperatures from 1989 to 2014 at Tanquary Fiord, Quttinirpaaq National
Park, Ellesmere Island, Nunavut, Canada A) annual mean minimum, annual mean maximum
and annual mean temperatures B) July, August, September and October mean minimum
temperatures (Table 2).

Fig. 5. Average (1989-2014) monthly mean minimum, monthly mean maximum and monthly

mean temperatures at Tanquary Fiord, Quttinirpaaq National Park, Ellesmere Island,
Nunavut, Canada (Table S2).
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Fig. 1. International Tundra Experiment (ITEX) phenology monitoring area at Tanquary Fiord, Quttinirpaaq
National Park, Nunavut, Canada A) Dryas integrifolia tagged plants B) Saxifraga oppositifolia plant 19. The
string is to aid in accurately counting the large number of flowers.
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https://mc06.manuscriptcentral.com/asopen-pubs



Page 27 of 34 Arctic Science

Fig. 2. A) Mature fruit stage of Saxifraga oppositifolia and B) twisted fruit stage of Dryas integrifolia.
84x62mm (300 x 300 DPI)
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Fig. 3. Peak flower (A) and peak fruit (B) day of year (DOY) five-year rolling average from 1994 to 2014 at
Tanquary Fiord, Quttinirpaaqg National Park, Nunavut, Canada, showing Dryas integrifolia (squares and solid
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Table 1. Standard least squares models showing how much of the Dryas integrifolia and
Saxifraga oppositifolia peak flower and fruit day of year is explained by year and April, May,

June and July mean temperatures.

Overall model Year April temp. May temp. June temp. July temp.
R P N B (P B (P B (P) B (P) B (P

Dryas integrifolia

Peak flower day of year 0.77 0.0003 21 -0.05(0.7278)  0.59(0.0196) -1.23(0.0105) -1.48(0.0132) -0.43 (0.3131)
Peak fruit day of year 0.60 0.0154 20 -0.34(0.2565) 0.43(0.3792)  0.83(0.3606) -3.65(0.0050)  0.25(0.7786)
Saxifraga oppositifolia

Peak flower day of year 0.53 0.0429 20 0.26 (0.2215)  0.39(0.2386) -1.70 (0.0164) -1.27(0.1100)  0.62 (0.3080)
Peak fruit day of year 0.31 03653 19 0.26(0.5481) -1.16(0.1467) 0.67(0.6162) -2.10(0.2205)  1.08 (0.4708)
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Table 2. Tanquary Fiord change in annual and monthly mean maximum, mean and mean
minimum temperatures from 1989 to 2014 (B = slope in °C/yr; dark grey = significant at o =

Arctic Science

0.05; pale grey = significant at a = 0.10).

January
February
March
April

May

June

July
August
September
October

November

December

Annual

Monthly mean max.
temperature (°C)

R2

0.08
0.06
0.00
0.00
0.13

P

0.156
0.213
0.930
0.901
0.076

p

0.158
-0.114
-0.006

0.007

0.093

Monthly mean
temperature (°C)

R P B

0.14 0.056 0.198
0.02 0.489  -0.063
0.00 0.793 0.016
0.01 0.697 0.021

Monthly mean min.
temperature (°C)

R P B

0.01 0.677 0.027
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Supplementary Data for cgj-2015-0016.R1

Table S1. Tanquary Fiord, Quttinirpaaq National Park, Nunavut, Canada monthly temperature
reconstruction formulas and the correlation of 1989-2014 Tanquary Fiord monthly temperatures
and 1989-2014 Eureka Environment Canada Weather Station, Nunavut, Canada monthly

temperatures.
Eureka to Tanquary Fiord conversion formula R? N P
January Average Max. Temp. 5.9169199 + 1.1184415*Eureka January Mean Max. Temp.  0.74 21  <0.0001
January Average Mean Temp. 10.829435 + 1.2334527*Eureka January Mean Temp. 0.81 21  <0.0001

January Average Min. Temp. 14.680344 + 1.2959426*Eureka January Mean Min. Temp. 0.80 21 <0.0001
February Average Max. Temp. 10.163494 + 1.2545122*Eureka February Mean Max. Temp.  0.77 20  <0.0001

February Average Mean Temp. 13.15102 + 1.3028522*Eureka FebruaryMean Temp. 0.79 20 <0.0001
February Average Min. Temp. 18.435236 + 1.3897081*Eureka February Mean Min. Temp.  0.81 20  <0.0001
March Average Max. Temp. 19.411559 + 1.529719*Eureka March Mean Max. Temp. 0.82 17 <0.0001
March Average Mean Temp. 22.553867 + 1.5711064*Eureka March Mean Temp. 0.83 17 <0.0001
March Average Min. Temp. 23.304084 + 1.5369215*Eureka March Mean Min. Temp. 0.77 17 <0.0001
April Average Max. Temp. 1.2992085 + 0.9438226*Eureka April Mean Max. Temp. 0.59 20  <0.0001
April Average Mean Temp. 0.2680027 + 0.9251027*Eureka April Mean Temp. 0.59 20  <0.0001
April Average Min. Temp. -1.357164 + 0.9000174*Eureka April Mean Min. Temp. 0.54 20  <0.0001
May Average Max. Temp. 2.5589833 + 1.015468*Eureka May Mean Max. Temp. 0.79 21  <0.0001
May Average Mean Temp. 2.1849294 + 0.9304663*Eureka May Mean Temp. 0.80 20  <0.0001
May Average Min. Temp. 0.7746785 + 0.8009466*Eureka May Mean Min. Temp. 0.51 21 0.0003
June Average Max. Temp. 1.3593256 + 0.9933547*Eureka June Mean Max. Temp. 0.79 18  <0.0001
June Average Mean Temp. 0.7367499 + 1.2576216*Eureka June Mean Temp. 0.85 18  <0.0001
June Average Min. Temp. 1.6897991 + 1.5158103*Eureka June Mean Min. Temp. 0.77 18  <0.0001
July Average Max. Temp. 1.6235115 + 0.9256464*Eureka July Mean Max. Temp. 0.75 18  <0.0001
July Average Mean Temp. -3.163988 + 1.7345863 *Eureka July Mean Temp. 0.86 18  <0.0001
July Average Min. Temp. -0.888874 + 2.0755209*Eureka July Mean Min. Temp. 0.80 18  <0.0001
August Average Max. Temp.  2.2557674 + 0.9026323*Eureka August Mean Max. Temp. 0.83 20  <0.0001
August Average Mean Temp. 1.870486 + 1.0332776*Eureka August Mean Temp. 0.86 20  <0.0001
August Average Min. Temp. 2.1674821 + 1.1077926*Eureka August Mean Min. Temp. 0.85 20  <0.0001
Sept. Average Max. Temp. 0.0940744 + 0.7460242*Eureka Sept. Mean Max. Temp. 0.75 20  <0.0001
Sept. Average Mean Temp. -0.087929 + 0.713549*Eureka Sept. Mean Temp. 0.73 20  <0.0001
Sept. Average Min. Temp. -0.744408 + 0.6788342*Eureka Sept. Mean Min. Temp. 0.65 20  <0.0001
October Average Max. Temp. -2.395282 + 0.7494511*Eureka October Mean Max. Temp.  0.55 20 0.0002
October Average Mean Temp. -0.786827 + 0.8229231*Eureka October Mean Temp. 0.51 20 0.0004
October Average Min. Temp. 1.1789312 + 0.9018629*Eureka October Mean Min. Temp. 0.49 20 0.0006
Nov. Average Max. Temp. -4.420148 + 0.7245754*Eureka Nov. Mean Max. Temp. 0.58 20 0.0001
Nov. Average Mean Temp. -4.042734 + 0.7704184*Eureka Nov. Mean Temp. 0.62 20  <0.0001
Nov. Average Min. Temp. -5.331758 + 0.74788*Eureka Nov. Mean Min. Temp. 0.59 20  <0.0001
Dec. Average Max. Temp. 4.6904105 + 1.0760756*Eureka Dec. Mean Max. Temp. 0.77 19  <0.0001
Dec. Average Mean Temp. 7.8204339 + 1.150231*Eureka Dec. Mean Temp. 0.82 19  <0.0001
Dec. Average Min. Temp. 1.7951711 + 1.0644991*Eureka Dec. Mean Temp. 0.81 19  <0.0001
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Table S2. Tanquary Fiord, Quttinirpaaq National Park, Nunavut, Canada 1989-2014 mean,
standard deviation, minimum, maximum and range of annual and monthly mean minimum,
monthly mean maximum and monthly mean temperatures.

Mean StdDev N Min Max Range
Annual Average Max. Temp. -13.1939 1.2225 25 -15.6542 -9.9599 5.6943
Annual Average Mean Temp. -16.1767 13878 25 -18.6680 -12.5224  6.1457
Annual Average Min. Temp. -19.1029 1.5145 25 -21.6565 -15.2211 6.4355
January Average Max. Temp. -30.8858 4.3062 26 -38.7089 -21.9635 16.7453
January Average Mean Temp. -34.1922 4.1027 26 -41.5923 -26.2523 15.3400
January Average Min. Temp. -37.2017 3.8963 26 -43.7667 -29.9001 13.8666

February Average Max. Temp. -31.8096 4.1479 26 -38.7571 -22.6707 16.0864
February Average Mean Temp. -35.3002 3.7651 26 -41.5618 -26.5849 14.9769

February Average Min. Temp. -38.3723 34875 26 -44.0761 -29.6314 14.4446
March Average Max. Temp. -30.3301 4.2188 26 -36.2784 -21.6289 14.6495
March Average Mean Temp. -34.1864 4.0571 26 -39.4197 -25.6679 13.7518
March Average Min. Temp. -37.6733 3.8857 26 -43.4868 -29.5800 13.9068
April Average Max. Temp. -19.2679 3.4585 26 -26.0323 -10.0302 16.0021
April Average Mean Temp. -23.6145 3.4100 26 -30.4217 -15.3823 15.0393
April Average Min. Temp. -28.1798 3.4946 26 -35.8597 -20.6277 15.2320
May Average Max. Temp. -4.2768 2.4273 26 -10.0050 0.2646 10.2697
May Average Mean Temp. -7.0128 2.2217 26 -12.0550 -2.7510 9.3040
May Average Min. Temp. -9.6444 23663 26 -14.2871 -4.9804 9.3067
June Average Max. Temp. 7.1322 2.0481 26  3.9387 109115 6.9728
June Average Mean Temp. 47173 1.9947 26 1.3614 7.9272  6.5658
June Average Min. Temp. 2.4164 1.8405 26 -0.8871 5.4793 6.3664
July Average Max. Temp. 10.5880 2.0131 26 7.7328 15.3313  7.5985
July Average Mean Temp. 7.8213 23316 26 3.9478 13.0188 9.0709
July Average Min. Temp. 5.5199 2.1311 26  2.2244 109251 8.7007
August Average Max. Temp. 7.3340 19609 26  3.6818 10.1837 6.5020
August Average Mean Temp. 5.3291 1.9665 26 1.6884 8.3521 6.6638
August Average Min. Temp. 3.2951 19129 26 -0.3641 6.3825 6.7466
Sept. Average Max. Temp. -2.5493 1.6622 26 -5.3519 1.3603 6.7122
Sept. Average Mean Temp. -4.3948 1.8258 26 -7.9950 -1.0437 6.9513
Sept. Average Min. Temp. -6.5032 2.0482 26 -11.3092 -3.4700 7.8392
October Average Max. Temp. -14.8113 2.6769 25 -20.0090 -8.8651 11.1439
October Average Mean Temp. -17.3814 2.9952 25 -23.2635 -10.7339 12.5296
October Average Min. Temp. -20.1866 3.3462 25 -26.5539 -12.6132 13.9407

November Average Max. Temp. -22.4505 3.1108 25 -29.4320 -16.3306 13.1014
November Average Mean Temp. -25.9844 3.0613 25 -32.2347 -20.6420 11.5927
November Average Min. Temp. -29.2832 2.9553 25 -35.1870 -23.4793 11.7077
December Average Max. Temp. -27.1667 4.5989 25 -37.5994 -20.2994 17.3000
December Average Mean Temp. -30.3519 4.3330 25 -39.7991 -23.0395 16.7596
December Average Min. Temp. -34.3624 4.0949 25 -44.4041 -26.2810 18.1231
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