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Tundra Ecosystems are changing

= Warming much faster than the global average
= Changes in plant phenology key indicator of these shifts

= Consequences for plant-pollinator interactions, herbivory, and above/belowground C

Photo by Logan Berner
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 Dramatic shifts in structure and function of Arctic and Alpine Tundra



Experimental approaches are critical

Control

* Mechanistic understanding of the
impacts of different global change
drivers

= Warming is the most consistent global
change impact to Tundra ecosystems

= OTCs widely used to isolate the role
of warming on plant phenology

" Create 1-3°C of warming above
ambient on average

(Degrees Celsms)

Healy et al. 2016



Phenological responses to
experimental warming are varied

Arft et al. 1999

= Ecosystem type, plant functional type and years of
warming influence plant responses to experimental
warming.

Wolkovich et al. 2012

= Experimental warming underestimates the effects of
climate warming on plant flowering and leaf out.

Prevey et al. 2019

= Warming advances flowering for later versus earlier
flowering species. Experimental and observational
warming predict similar shifts.

g, g
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Photo by Anne Bjorkman



Critical unresolved questions

Does experimental warming:

1. Differentially affect reproductive and vegetative
phenology?

2. Shorten, lengthen, or have no effect on the
duration of growth, flowering and fruiting periods?

Are plant responses to experimental warming:

3. Variable across spatial and temporal gradients in
resource availability and climate?

4. Sustained over very long time periods?

Photo by Anne Bjorkman
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Despite widespread use, still lack a broad understanding of experimental warming effects 



International Tundra Experiment (ITEX)

Utgiagvik

[T°°”“““‘ej| = Long term monitoring of
e arctic and alpine tundra

|ﬂ' [ Adventdalen
Alexandra Fiord K - ’ .
B P (Evicin] plant phenology to climate
TN change
:ng_gerlussuaqj . Ambient ObserVatiOnS and
(Wit Mounains a2 experimental treatments
[ Faroe Islands] p

Jakobshorn

= Passive warming chambers
(OTCs)

Gavia Pass

Val Bercla

[—ﬂ [
Niwot Ridge]

ITEX sites with OTC warming experiments

Collins et al. 2021 Nature Communications
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So some of my previous Postdoctoral work, and what led me to begin collaborating with folks here at UBC has been with the international tundra experiment 
And for those of you who may not know is a…
Network of Long term monitoring of arctic and alpine tundra plant phenology to climate change starting in the 1990s and going until current 
Sites have both ambient observations and experimental treatments 
Most experimental treatments are passive warming chambers (OTCs) 

18 ITEX sites that we have included in this study are shown here on the map made by Jakob Assman and these include both alpine and arctic tundra warming experiments 


Recently updated ITEX dataset

Phenophase Total observations (i) Spp Sites Subsites Years
Green up 30,361 71 11 28 27
Start of flowering 30,001 106 16 44 28
End of flowering 22,214 80 13 34 28
Fruiting 17,274 53 6 18 28
Seed Dispersal 8,292 48 9 22 28
Leaf Senescence 17,077 61 10 25 27

= 18 sites and 46 experimental locations
= Qver 100 plant species :
= Observations from 1992-2019 Photos by Leerke Stewart

= Six plant phenophases

Prevéy et al. 2021 Arctic Science
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So as a postdoc at CU Boulder I worked with several others on updating the ITEX dataset and getting the most comprehensive and recent version of it. And we recently had the full dataset paper published in a special feature in Arctic Science. 
And for the work I have been doing I’ve used data from all of the sites with OTC warming experiments which includes 
18 sites and 46 experimental locations (subsites)
Over 100 plant species 
Observations from 1992-2019
Six plant phenophases across entire growing season- greenup, start of flowering, end of flowering, fruiting, seed dispersal and leaf senescence.
So this allowed us to get a comprehensive picture of how plants are responding across the entire growing season in the tundra at the biome scale and across multiple decades which really hasn’t been done before.  

Species in the image 
White cottongrass (Eriophorum), cushion pink (silene acaulis), white bluegrass (Poa glauca), dwarf fireweed (Chamerion latifolium), alpine bluegrass (Poa Alpina), northern catchfly (Silene), bearberries (Arctostaphylos uva-ursi ), cinquefoils (Potentillia), Arctic white heather (Cassiope tetragona), fringed sandwort (Arenaria ciliate), red rattle (Pedicularis palustris), Arctic willow (Salix arctica), purple saxifrage (Saxifraga oppositifolia), mountain aven (Dryas octopetala), yellow rockfoil (Saxifraga)


		Phenophase

		Total observations (i) 

		Spp

		Sites 

		Subsites

		Years 



		Green up 

		30,361

		71

		11

		28

		27



		Start of flowering

		30,001

		106

		16

		44

		28



		End of flowering 

		22,214

		80

		13

		34

		28



		Fruiting  

		17,274

		53

		6

		18

		28



		Seed Dispersal

		8,292

		48

		9

		22

		28



		Leaf Senescence 

		17,077

		61

		10

		25

		27








Bayesian Hierarchical Modeling

= Response variable- DOY phenology
event

*" |nterval censored

= Fixed effects-

" Treatment- warming or control

= |nteraction w/ spatiotemporal
predictors

= Random effects-

= Account for variation across spp,
sites, years

DOY = Trt + (Trt|species) + (Trt|site) + (Trt|site: year) + (Trt | site: subsite)

phenology

Photo by Anne Bjorkman
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So to understand and model plant phenology repsonses to experimental warming and account for differences across sites, plant species, and measurement years we used Bayesian Hierarchical modeling 
The response in our models is the DOY of a phenology event occurring- interval censored to account for uneven sampling frequencies

Fixed effects of treatment being either OTC warming or ambient control conditions 
Also looked at how treatment interacts with several spatiotemporal factors including site latitude, duration of warming, soil moisture, site ambient temperature, and whether OTCs were deployed year round or in the summer only.  

And we included random effects to account for variation across species, site, and years  

We used interval censoring to account for uneven monitoring frequency across sites-some sites survey every day, others every 3 days etc 
And this puts upper and lower bounds on each observation 
Upper interval bound (doy)- recorded doy observed plant phenology event 
Lower interval bound (prior_visit)-most recent recorded visit in the same plot and year prior to the recorded phenology date of interest
 Actual estimated date of event occurs somewhere between the lower and upper bounds 



Density
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So getting into the main results of this synthesis-these are the results of a Bayesian hierarchical model where the doy 
These are density plots showing the distribution of the modeled parameter estimates for each of the 6 phenophases measured across all sites, species and years  
On the X axis is the number days difference in timing of each plant phenophases between warming and CTL plots 
Zero line indicates no change, where anything to the left of the line shows that phenophases were advanced with warming, and to the right of the line shows that phenophases were delayed with warming 
And the Dotted red and grey lines are the 90 and 95% Bayesian credible intervals on these estimates 

So what we can see broadly is that there was an
Advance in Greenup, Flowering, End of flowering & Seed dispersal 
 Delay in Leaf senescence 
 No change in fruiting period
 Reproductive phases shifted more than vegetative-support for the tissue type scenario
 Greenup and Leaf senescence shifted in opposite directions-> Extends growing season length ~ 1.5 days-support for the early late scenario
Might not seem like a lot but the average growing season length of all species in our study was only about 50-60 days so this is about a 3% increase for just a few degrees of warming


Summary

———' = Differential floral and vegetative

phenology responses
" Herbivory and pollinator interactions

= Tundra growing seasons are likely to be
longer with warming

= GPP and C cycling

= Consistent across tundra

" Few significant interactions with
spatiotemporal factors

Photo by Courtney Collins
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15-20 minutes 
So in summary for this first question I found that 
There were differences in how floral and vegetative phenology responded to warming both in magnitude and direction 
This will likely have impacts on some critical ecosystem processes like herbivory and plant-pollinator interactions 
Tundra growing seasons are likely to be longer with warming we estimated by about 3% 
Which has non-trivial implications for things like GPP and C cycling 
And I didn’t get to show these results today but these responses were consistent as we found few interactions…


I found Evidence of Early-late and tissue type scenarios in how plant species respond to warming across the tundra 
But I found very few significant interactions between warming with spatiotemporal factors, like latitude and length of warming which suggests that  
Which suggests to us that plant responses are largely consistent across geographic regions and over time 
So based on these results we can really predict that: 
These results can be compared to satellite derived estimates 
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Phenology is shifting with climate change

Ambient

Spring Autumn

Warming

Collins et al. 2021 modified
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So as everyone in this room I’m sure is aware, one of the most striking manifestations of climate change in terrestrial ecosystems is that of shifting plant phenology. And this pattern has been particularly true in high latitude and high elevation ecosystems that are undergoing very rapid rates of warming. And one of the most common patterns of shifts in plant phenology, is that of an advance in phenological events with warming temperatures, so evidence of earlier greenup, flowering and fruiting times as show in the image above 


Linking phenology shifts to demographic
outcomes
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But while these shifts in plant phenology under a warming climate are well observed across the globe, we know much less about what these changes mean in terms of actual impacts on plant demographic rates or more specifically on plant fitness. 
And this has been recently described in a number of review and perspective peices that many studies simply assume these links between changes in phenology and demography or fitness but do not explicitly measure them  
And that a plant’s phenology shifting in response to climate should not necessarily be considered beneficial as it can lead to both positive and negative demographic effects 

Direct & indirect effects of warming on plant reproduction 
Warmer temps cause flowering period to start earlier, providing more time to produce flowers, fruits 

Many studies have shown direct positive effect of warming on plant reproduction 
Warmer temps->more flowers, fruits


More studies in animals than plants but difference has decreased greatly in last few years 
Most demographic responses observed are for reproduction or growth . Very few at population level in plants 
Very few time series in plants- more experiments. Here I’m hoping to utilize both 

Not shown here but not surprisingly most studies use flowering time as phenological predictor, less for leaf emergence and senescence  

Seems to me the novel combination here is getting to the population level with a time series. Which I think I can do with the Daring data via IPMs and the Alex data with plot counts. 
But even just a long time series for some type of fitness response is also seemingly novel (see Ehrlen and Valdes 2020 Ecol Lett). Can also add in an experiment here. Proxy of flower counts for plant size provides more flexibility. 




Long term (20+ years) experimental plots at 2
Canadian Arctic sites

Ale)gndra Fiord
@ } Qikiqtani Inuit
“aA
Tticho (Dogrib) Dene . 2.
Daring Lake, NT (64.87, -111.58) Alexandra Fiord, NU (78.83-75.80)
Ambient (climate) warming ~2.3°C Experimental warming ~1.5 °C
2001-2022 (control plots only) 1992-2003 (OTC & control)

7 species - flowering time, flower & fruit counts 5 species- flowering time, flower & fruit counts


Presenter Notes
Presentation Notes
For this work I’ve been trying to do just that using a really exciting pair of long term datasets from 2 Canadian Arctic sites, both at Alexandra Fiord in Nunavut is located in the territory of the Qikiqtani Inuit and Daring Lake in the territory of the Tlicho Dene First Nation iand Daring Lake in the Northwest Territories in the low Arctic. And both of these sites have been collecting data for decades on individual plants both of their phenology timing and several demographic trait measurement, and for this study I’m looking at their data on flowering time as well as individual flower and fruit counts.. And these sites are both part of the International Tundra experiment network so they measure these plants both in open top chamber warming experiments and under ambient conditions which today are already much warmer than previous decades. And they span many species, here I show 12 that I included in this analysis across all the major plant functional types in the Arctic. 
So this is just a bit more background on the study locations, as I mentioned the 2 sites, Alexandra Fiord. For the purposes of this talk I won’t have time to get into my decision making process today, but just know that to look at the effect of warming temperatures on phenology and fitness, for Alexandra Fiord, I used data collected from the open top chamber warming experiments and at Daring Lake I looked at the effect of ambient climate warming over a 21 year period at the site. 


Questions

1. Do tundra plant species that advance their
phenology with warming temperatures have
altered (positive or negative) reproductive fitness
outcomes?

2. How do the direct effects of warming on
reproductive fitness compare to the indirect
effects of warming mediated by shifting
phenology?

3. How does the relationship between flowering
phenology and reproductive fitness shift under
future climate warming scenarios?

/

Photo by Anne Bjorkman
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So my particular questions for this study included (READ) 



Hierarchical SEMs

Eqg. 1a Number of flowers
DOYfower ~ Temp + (1]individual) + (1|year) + (1]spp)
Fitness ~ Temp + DOYfiower + DOYfiower?+ (1 |individual) + (1]year) + (1|spp)

Eg. 1b Number of fruit

DOYfiower ~ Temp + Tempy-1 + (1]individual) + (1|year) + (1]|species)
Fitness ~ Tempy-1 + DOYfiower + DOYfiower? + (1 |individual) + (1|year) + (1|spp)

Collins et al. 2024 Annals of Botany



Warming affects reproductive fitness primarily through phenology

0.35 ‘ R2=0.57 R2=0.87
‘ R2=0.13 R2=0.34
Ale)@d a Fiord
N=930
y ‘ R2=0.66 R2=0.86
‘ R2=0.17 R2=0.57

N=1013 N=510
Collins et al. 2024 Annals of Botany
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Strong negative effect of temp on flowering time – both sites 

Inconsistent or no direct effect of temp on reproductive output 

Negative relationship b/w flowering time & reproductive fitness

Indirect effect ~2-3x larger magnitude than direct effect




Earlier flowering->more flowers, fruits per individual 

So jumping into some of our results, we saw that the effect of warming on reproductive fitness was primarily indirect and driven changes in the timing of flowering which then had downstream effects on reproduction. So overall we saw that READ RESULTS. And the indirect effects were twice as large in magnitude as the direct effect of warming on reproductive fitness. 


Warming effects reproductive fithess primarily
through phenology

Cl 0.95 038 05 :
Alexandra Fiord . Daring Lake

Log Flower #

Flowering DOY Flowering DOY

Collins et al. 2024 Annals of Botany
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So the best model fits for these relationships were actually weakly quadratic and here I am showing the predicted modeled relationship between flowering time and reproductive fitness. So flowering time (day of year) is on the x axis and the logged flower number is on the y axis and our high Arctic site is on the left and low Arctic site is on the right. And you can see that these are a weakly quadratic negative relationships.  


Log Flower #

Large increases in reproductive fitness under future
climate if phenology continues to advance

+1C

+3C

+5C

Cl

Flowering DOY

Collins et al. 2024 Annals of Botany
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And so now in this slide I’m showing this relationship from our site as Daring Lake under multiple future climate scenarios +1, 3 and 5 degrees Celsius over the 20 year historic average. And you can see in each scenario, the projected increases are shown in the solid line with error in blue, while the historic relationship is plotted by the dotted line. And as the temperature increases, the more phenology shifts earlier, but also the reproductive output increasing, but doing so increasingly more when we consider both the direct warming effects and the indirect effects of phenology, so much so that under a 5C warming scenario, we project a 450% increase in reproductive output over the historic average, as long as phenology shifts can continue to advance at the pace of warming. 


Summary

1. Warming (both experimental and ambient), drove
earlier flowering across species, which lead to higher
numbers of flowers and fruits produced.

2. Indirect effect of warming mediated through
phenology was ~2-3x stronger than the direct effect
of warming on reproductive fitness.

3. Under future climate scenarios, individual plants
showed a ~2 to 4.5 fold increase in their reproductive
fitness (flower counts) with advanced flowering
phenology.

Photo by Karin Clark
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And so in Summary, XYZ….
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New ITEX Site in BC Coast Mountains!!
Nch’kay (Garibaldi Lake)

Experimental warming Human trampling

https://garibaldialpine.wixsite.com/garibaldialpine
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Following up from this research, I have recently led a team to establish the first ITEX site here in BC through funding from the BC Parks living labs Climate Change program. And this past summer we established an experimental warming experiment to look at changes in plant phenology (using phenocam imagery) and we also established a study looking at the effects of human trampling on these sensitive alpine plant communities. Here we have been working to build relationship with the Squamish nation around this research and have met with several members to help inform this research and understand what their priorities in the region are.  

 And myself and several members of our team actually presented preliminary results from this work at the BC protected areas research forum conference in Nanaimo. So it’s been quite neat to now work at a more local scale with these questions but also as something contributing to this global research network. You can find out more about the project at our website. 
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