POSTPRINT VERSION. The final version is published here: Deschamps, L., Maire, V., Chen, L., Fortier, D., Gauthier, G., Morneault, A., Hardy-Lachance, E., Dalcher-Gosselin, |., Tanguay, F., Gignac, C., McKenzie, J. M., Rochefort, L.,
& Lévesque, E. (2022). Increased nutrient availability speeds up permafrost development, while goose grazing slows it down in a Canadian High Arctic wetland. Journal of Ecology, 111(2), 449-463.
https://doi.org/10.1111/1365-2745.14037

[u—

This article has been published in the Journal of Ecology, please cite it as follows

Deschamps, L., Maire, V., Chen, L., Fortier, D., Gauthier, G., Morneault, A., Hardy-
Lachance, E., Dalcher-Gosselin, 1., Tanguay, F., Gignac, C., McKenzie, J. M., Rochefort,
L., & Lévesque, E. (2022). Increased nutrient availability speeds up permafrost
development, while goose grazing slows it down in a Canadian High Arctic wetland.
Journal of Ecology, 00, 1-15. https://doi.org/10.1111/1365-2745.14037

The present version is the accepted manuscript before final editing.

O 0 N N L A W IN


https://doi.org/10.1111/1365-2745.14037

10
11

12
13

14
15
16
17

18

19
20

21
22

23

24
25

26
27
28

29
30

31
32
33
34
35
36

37
38
39

Research paper

Title: Increased nutrient availability speeds up permafrost development, while goose
grazing slows it down in a Canadian High Arctic wetland

Authors: Lucas Deschamps!>** Vincent Maire!?>?, Lin Chen*, Daniel Fortier’>, Gilles
Gauthier*®, Amélie Morneault!?, Elisabeth Hardy-Lachance®>, Isabelle Dalcher-
Gosselin'?, Frangois Tanguay'?, Charles Gignac®’, Jeffrey M. McKenzie®, Line
Rochefort®’, Esther Lévesque®?

Address:

1 Chaire en Ecologie Fonctionnelle Arctique, Université du Québec & Trois-Riviéres, Trois
Rivieres, QC, G9A 5H7, Canada;

2 Département des sciences de 1’environnement, Université du Québec a Trois-Rivieres,
Trois Rivieres, QC, G9A 5H7, Canada;

3 Centre d’études nordiques, Université Laval Québec, QC, G1V 0A6, Canada;

4 Department of Environmental Sciences, University of California, Riverside, CA 92521,
USA,;

5 Département de géographie, Université de Montréal, Montréal, QC, H3T 1J4, Canada.
6 Département de biologie, Université Laval, QC, G1V 0A6, Canada
7 Département de Phytologie, Université Laval, Quebec City, QC, G1V 0A6, Canada

8 Department of Earth and Planetary Sciences, McGill University, Montréal, QC H3A OES,
Canada

* Author for correspondence:

Lucas Deschamps

Tel: +1 819 524-0245

Email: lucas.deschamps@uqtr.ca

Word count:

Total word count (excluding summary and legends): 8938

Summary: 332/350; Introduction: 1067; Materials and Methods: 1848; Results: 690;
Discussion: 2282; Acknowledgements: 159; References: 2892; Figures: 5; Tables: 3; No
of supporting Information files: 1



40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Summary

1)

2)

3)

It is of prime importance to understand feedbacks due to the release of carbon (C)
stored in permafrost soils (permafrost-climate feedback) and direct impacts of
climatic variations on permafrost dynamics therefore received considerable
attention. However, indirect effects of global change, such as the variation in soil
nutrient availability and grazing pressure, can alter soil and surface properties of
the Arctic tundra, with the potential to modify soil heat transfers toward the

permafrost and impact resilience of Arctic ecosystems.

We determined the potential of nutrients availability and grazing to alter soil energy
balance using a 16-year split-plot experiment crossing fertilization at different
doses of nitrogen (N) and phosphorus (P) with protection from goose grazing. Moss
biomass and some determinants of the surface energy budget (leaf area index (LAI),
dead vascular plant biomass and albedo) were quantified and active layer thaw
depth repeatedly measured during three growing seasons. We measured soil
physical properties and thermal conductivity and used a physical model to link

topsoil organic accumulation processes to heat transfer.

Fertilization increased LAI and albedo, whereas grazing decreased dead vascular
plant biomass and albedo. Fertilization increased organic accumulation at the top
of the soil leading to drier and more porous topsoil, whereas grazing increased
water content of topsoil. As a result, topsoil thermal conductivity was higher in
grazed plots than in ungrazed ones. Including these properties into a simulation
model, we showed that, after 16 years, nutrient addition tended to shallow the

active layer whereas grazing deepened mean July active layer by 3.3 cm relative
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to ungrazed subplots. As a result of OM accumulation at the surface, fertilization
increased permafrost vertical aggradation rate by almost an order of magnitude
(up to 5 mm-year’! instead of 0.7 mm-year’!), whereas grazing slowed down
permafrost aggradation by reducing surface uprising and deepening thaw depth.
4) Synthesis: We demonstrated that long-term grazing and N and P addition, through
their impact on vegetation and soil properties have the potential to impact
permafrost dynamics to the same extent as contemporary temperature increase in

High Arctic polygonal wetlands.

KEYWORDS: Active layer; Albedo; Fertilization; Global change ecology; Greater snow

goose; Organic matter; Polygons; Tundra
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Résumé

1

2)

3)

Afin de comprendre les rétroactions causées par la respiration du carbone (C) stocké dans
le pergélisol (rétroaction pergélisol-climat), les impacts directs du changement climatique
sur la dynamique du pergélisol ont regu une attention considérable. Toutefois, les effets
indirects du changement climatique, telles que la disponibilité en nutriments du sol et la
pression de broutement, peuvent altérer les propriétés du sol et de surface de la toundra
Arctique, avec le potentiel de modifier les transferts de chaleur vers le pergélisol et
d’impacter la résilience des écosystémes Arctiques.

Nous avons déterminé ’effet potentiel d’une disponibilité accrue en nutriment et du
broutement sur la balance énergétique du sol grace a une expérimentation en tiroir croisant
différents niveaux de fertilisation en azote (N) et phosphore (P) a une protection contre le
broutement durant 16 ans. La biomasse des plantes vasculaires et des mousses, ainsi que
plusieurs déterminants du budget radiatif de surface ont ét¢ quantifiés (indice de surface
foliaire (LAI), biomasse de plantes vasculaires mortes et albédo). La profondeur de la
couche active a été mesurée a répétition durant trois saisons de croissance. Les propriétés
physiques du sol et sa conductivité thermique ont été mesurées, et nous avons utilisé un
modele physique de simulation pour lier ’accumulation de matiére organique en surface
aux transferts de chaleur dans le sol.

L’indice de surface foliaire et I’albédo ont augmenté dans les traitements de fertilisation,
alors que le broutement a diminué la biomasse de plantes vasculaires mortes et 1’albédo.
La fertilisation a causé I’ajout de nouveaux horizons organiques peu décomposés sous la
surface du sol, menant a des conditions plus séches et a un sol plus poreux. A I’inverse, le
broutement a augmenté la teneur en eau du sol. En conséquence, la conductivité thermique
du sol était plus élevée dans les sous-parcelles broutées que dans celles non-broutées. En

incluant ces propriétés dans un modele de simulation, nous avons montré que 1’addition de
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4)

nutriments a diminué la profondeur de la couche active, tandis que le broutement I’a
approfondie de 3.3 cm en moyenne. En conséquence de la création de nouveaux horizons
organiques en surface, la fertilisation a augmenté le taux d’aggradation vertical du
pergélisol par un ordre de grandeur (jusqu’a 5.5 mm-an au lieu de 0.7 mm-an™), tandis
que le broutement a ralenti I’aggradation du pergélisol en limitant 1’élévation de la surface
et en approfondissant la couche active.

Synthése : Nous avons montré que I’effet a long-terme du broutement et de I’ajout de N et
P influencait la dynamique du pergélisol dans la méme mesure que les augmentations de
températures contemporaines, et ce en impactant la végétation et les propriétés du sol dans

les marais polygonaux du Haut-Arctique.
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Introduction

Thawing of the active layer (AL), the near-surface part of permafrost seasonally warming
above 0 °C, has important impacts on net carbon emission in the Arctic biome and may
turn it from a carbon sink to a carbon source (Schuur ez al., 2009; Koven et al., 2011; Miner
et al., 2022). Much effort has been devoted to understanding the response of the AL to
increased radiative forcing and air temperature, both with modelling (Schédel et al., 2018)
and empirical (Hollister et al., 2006) approaches. Physical properties of the land surface
influence transmission of radiation and energy partitioning among heat fluxes and may
slow or accelerate AL thaw rate and increase depth depending upon topsoil characteristics
and vegetation cover (Yi et al., 2007). Surface properties are strongly influenced by
vegetation, for example through its influence on snow accumulation (Myers-Smith et al.,
2011) or shading (Blok et al., 2010). Because Arctic vegetation is driven by indirect
influences of climate (for instance nutrient availability, Gough et al., 2016; hydrology,
Hodkinson et al., 1999) and other unrelated forces (for instance grazing, Pouliot et al.,

2009), global change may alter local AL dynamic in unexpected ways.

Nutrient availability may alter AL thaw through its impact on tundra vegetation. Nutrient
availability is expected to increase in terrestrial Arctic ecosystems following an increase of
topsoil temperature (Hartley et al., 1999, Koven et al., 2015). Arctic vegetation growth has
been demonstrated to be co-limited by N and P (Shaver & Chapin, 1995; Gough & Hobbie,
2003). Grasses (Liu et al., 2020; Ylanne et al., 2020) and deciduous shrubs (Shaver et al.,
2001; van Wijk et al., 2004; Gu & Grogan, 2020) benefit generally the most from increased
nutrient availability in topsoils, at the expense of mosses, which become submitted to

severe light limitation (Grellman, 2002; Gough et al., 2016). The net effect of such
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vegetation change on active layer depth is however not evident. An increase in dead
vascular plant and grass cover increases albedo (te Beest et al., 2016), while an increase in
shrub cover and height diminishes it (Juszak et al., 2014), decreasing and increasing the
quantity of energy available to warm the system, respectively. Higher vascular plant leaf
area index (LAI) reduces radiative input at the soil surface by shading (Juszak et al., 2016
and 2017), potentially reducing the available energy to thaw the active layer (Blok et al.,
2010). The reduction in moss cover potentially removes an insulative layer at the top of the
soil column (Gornall ef al., 2009, Soudzilovskaia et al., 2013) and can increase AL depth
(Gornall et al., 2007). Altogether, these changes all represent potential vegetation-mediated
feedback between global warming and active layer depth, as nutrient availability is

expected to increase along with Arctic temperatures.

Grazing by abundant herbivore populations has the potential to increase thaw depth through
their impact on vegetation. Grazing generally reduces living vascular plant biomass
(Gauthier et al. 1995; Sjogersten et al., 2011 for goose grazing, Falk et al., 2015 for
mammal grazing; but see Bernes et al., 2015 for reindeer grazing), potentially reducing
live LAI (Sundqvist et al., 2019 for mammal grazing) and dead vascular plant accumulation
(Speed et al., 2010; Sjogersten et al., 2012 for goose grazing; Mosbacher et al., 2019 for
mammal grazing). This results in an increase in the quantity of radiation reaching the
ground (Juszak et al., 2016 and 2017). Conversely, reduction of shrub cover by heavy
mammalian grazing increases albedo, thereby decreasing the quantity of energy able to
thaw the active layer (te Beest ef al, 2016). Goose feeding on below-ground parts
(grubbing) is also known to disturb the moss mat, decreasing its insulative effect (van der

Wal et al., 2001, Gornall et al., 2009) with an unknown long-term effect on AL depth.
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Arctic herbivores certainly have the potential to influence surface radiative transfer in
Arctic terrestrial ecosystems, but their impact in the context of increased soil nutrient

availability is poorly known.

Fertilization and grazing may affect active layer thaw through their impact on soil organic
matter (SOM) accumulation. Long-term SOM accumulation causes the extension of
syngenetic permafrost (the permafrost building upward after an addition of material at the
surface, Vincent et al., 2017). Relative to mineral topsoil, low thermal diffusivity of SOM
at the top of the soil protects permafrost from thaw (Jorgenson et al., 2010) and favors the
creation of a thick, ice-rich transient layer at the top of the permafrost table (Shur et al.,
2005). Both fertilization and grazing have the potential to alter SOM quantity and structure
by altering both the C fixation and decomposition rates in Arctic ecosystems. A long-term
Alaskan study revealed increased SOM accumulation in the first 5 cm, and a decreased of
SOM abundance below 5 cm in the soil of an experiment adding N and P simultaneously
(Mack et al., 2004). There is evidence that while fertilization increases C input and storage
in the shallowest horizon, it may accelerate decomposition at depth (Nowinski ez al., 2008).
Both goose grazing (Sjogersten et al., 2012) and grubbing (van der Wal et al., 2007) have
been shown to reduce SOM stocks by reducing vascular plant growth and litter
accumulation at Svalbard. Topsoil water content (SWC) has also been shown to be
increased by goose grazing in Arctic wetlands (Sjogersten et al., 2011 and 2012),
potentially increasing topsoil thermal conductivity (O’Donnell et al., 2009). Both grazing
and increased nutrient availability may alter SOM accumulation at the top of the soil, but

the consequences for active layer thaw and permafrost development are still to be explored.
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The aim of this study is to reveal the potential long-term effects of surface fertilization and
grazing by greater snow geese [Anser caerulescens caerulescens (Linnaeus, 1758)], an
important grazer of the tundra (Gauthier et al. 2006), on active layer thaw in polygonal
wetlands of a Canadian High Arctic oasis (Bylot Island, Nunavut). To do so, we
characterized vegetation, surface properties, hydrology, and soil thermal properties in a 16-

year-old experiment of fertilization and grazing exclusion. Our hypotheses are:

HI1) N and P fertilization will increase leaf area index and dead vascular plant biomass, and
consequently increase surface albedo by covering the wet and dark moss layer, while grazing is

expected to reduce LAI, dead vascular plant biomass and albedo.

H2) N and P fertilization will increase organic matter accumulation at the top of the soil,

while grazing will limit such accumulation.

H3) N and P fertilization will decrease seasonal thaw depth, while grazing will increase it.
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Materials and methods
Site

The experiment took place in the Qarlikturvik valley, on Bylot Island, Nunavut, Canada
(73°08’N, 80°00°W). The geomorphology of this glacial valley is characterized by a
succession of glacio-fluvial outwash, proglacial river, alluvial fans, and aggradation
terraces. The surface is almost continuously covered by vascular plants and mosses and
may be considered as a polar oasis (Bliss & Matveyeva, 1992). About 23% of the 70 km?
of the valley and surrounding upland is covered by wetlands located in low centered
polygons (Hughes et al., 1994a) dominated by sedges (Carex aquatilis Walhenb.,
Eriophorum angustifolium Honck, E. scheuzerii Hoppe), grasses (Dupontia fischeri R.Br.,
Pleuropogon sabinei R.Br., Gauthier et al., 1995) and mosses (Drepanocladus spp.,
Calliergon giganteum (Schimp.) Kindb., Pouliot et al., 2009). Mesic environments occur
on polygonal rims, degraded and high centered polygons, in alluvial fans and in hummocky
tundra on the gentle slopes on either side of the valley (Zoltai et al., 1983). Abundant
wetland vegetation allows the valley to be one of the most important brood-rearing sites
for the Greater Snow Goose in the Canadian Arctic with about 20,000 nesting pairs (Reed
et al., 2002). Greater Snow Geese mostly feed on D. fischeri and Eriophorum spp. in
wetlands and are known to impact wetland vegetation biomass and nutrients concentration

(Gauthier et al., 1995, Valéry et al., 2010).
Experimental design

A long-term randomized block split-plot design with four block and four fertilization

treatments plus a control were established in polygonal wetlands of the valley in 2003.
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Blocks were selected with a distance of at least 500 m from one another to capture polygon
heterogeneity in terms of vegetation, substrate type and soil wetness. Within polygons,
fertilization treatments were randomly attributed to five 2 m x 2 m permanent plots and
fertilized yearly between 2003 and 2019. Half of each plot (thereafter referenced as a
subplot) was protected with a permanent 50-cm tall chicken wire fence with ropes criss-
crossing the top since 2005, the protected part being randomly selected. During the
installation, plots were placed in homogeneous environment, characterized by a well-
developed moss-carpet and a good cover of graminoids typically grazed by geese. Plots
were at least 5 m apart to prevent cross-contamination of added nutrients (verified by

Pouliot et al., 2009).

Fertilization treatments were selected to mimic both the range of potential nutrient release
associated with higher mineralization rates in the shallowest horizons of the soil (Gignac
et al., 2022, Wang et al., 2017), in addition to the possible nutrient addition via goose
faeces and atmospheric deposition. A low N treatment plot received 1 g'-m of N, whereas
the High N plot treatment received 5 g-m™ of N. High P treatment was fertilized with 3
g'm of P and the High N+P treatment with 5 g'm™ of N and 1 g-m™ of P. Control treatment
received the same quantity of water as other treatments. Fertilization treatments exceeded
the maximal amount of nutrients added by goose faeces (maximum of 29 faeces-m™
recorded on a single plot, equivalent to 0.6-1 g'm? of N and 0.03-0.06 g'm™? of P, G.
Gauthier, unpublished data), but was lower than many other Arctic fertilization
experiments (e.g., Shaver & Chapin 1995; Gough and Hobbie, 2003; Yldnne et al., 2020).

The complete fertilization protocol, applied each year, is available in Pouliot et al. (2009).

Field sampling
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Field sampling took place during the summer months (primarily July-August) of 2017,
2018 and 2019. Fences were deployed over the usually unprotected part of the plot during
the sampling year to avoid grazing between the emergence of the vegetation and sampling.
Therefore, we measured the long-term impact of fertilization and grazing on ecosystem
properties, without capturing the signal of annual disturbance due to goose presence.
Temporary fences were removed after sampling to allow late-summer grazing and early

season grubbing to resume normally.
Vegetation

We harvested vascular plants and mosses in grazed and ungrazed subplots at the peak of
the 2018 growing season (between July 25, 2018 and August 3, 2018). Using a knife, we
extracted four 10 cm x 10 cm x 10 cm clods randomly chosen in an 80 cm x 80 cm grid
covering half of each subplot. We counted the number of vascular ramets of each species
in each clod and summed them to obtain total vascular plant density per subplot in ind-m’
2. Vascular plant biomass (g-m) was obtained by weighing green parts of plants sampled
in a subplot after drying them 48 h in a furnace at 60° C. In each clod, a 19.6 cm? circular
subsample was harvested using a cylinder with cutting edges to sample mosses through the
10 cm depth of the clod. Bryophytes of three out of four subsamples were sorted at the
species level and weighed after drying to obtain green biomass per species. Again, species
biomasses were summed to obtain a total green moss biomass per subplot, in g-m™>. We
limited vegetation sampling within one half of the subplots, to let an undisturbed area for
the 2019 measurements. All the subplots in a block were harvested the same day and treated

in the two following days.
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Leaf area index (LAI) and dead vascular plant biomass were measured in 2018 and 2019,
respectively. LAI was estimated per subplot using the mean leaf area of each species, their
density in the plot and their mean number of leaves (Appendix A). For dead vascular plant
biomass, two or three 10 cm x 10 cm x 10 cm clods were selected arbitrarily in every
subplot to represent standing vegetation. Standing dead parts of plant individuals and dead
parts on the ground were separated from green parts and weighted dry to obtain a dead

biomass for each subplot, in g-cm?.
Thaw depth and soil volumetric water content

Thaw depth and soil water content were measured repeatedly during the 2017, 2018 and
2019 summer. Thaw depth was measured physically using a graduated steel probe driven
into the soil down to the frozen part. Because of different sampling period length allowed
in the field, we measured thaw depth two times in 2017, four times in 2018 and six times
in 2019, from early June to mid-August. At each visit, we measured thaw depth at two to
four locations in each subplot depending upon the year. Soil volumetric water content
(SWC) was measured one, three and four times in 2017, 2018 and 2019, respectively. In
2017 and 2018, we measured SWC at three and four locations per subplot using a WET-2
WET sensor coupled to a HH2 moisture meter (Delta T Devices Ltd), respectively. In 2019,
SWC was measured at a unique location, using an Hydraprobe (Stevens). To ensure

compatibility of the results, we used raw permittivity (&) of both machine and converted it

back to SWC using default HH2 calibration such as SWC= \/ (v — 1.6)/8.4. Each subplot

within a block was measured within 2 h on the same day, and measurements taken in a

subplot were averaged to give a value per subplot per date.
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Distance between surface and water table

Distance between soil surface and water table was measured four times in each subplot
during the 2019 growing season. About 8.25 cm diameter and 1 m deep holes were drilled
in each plot early in June 2019. At each subplot visit, the distance was measured in cm
using a graduated probe. If there was no liquid water, the distance between surface and ice

was used.
Albedo

We measured repeatedly incident and reflected radiations during the 2018 (three times) and
2019 (four times) summers using a radiometer (SKR 1850/S light sensor, coupled to a
SpectroSense2+ logger, Skye). Measurements were made around four wavelengths: blue
(466+19 nm), green (556+22 nm), red (644+51nm) and Near Infra-Red (NIR, 860+£37 nm).
Incident radiations were captured with a cosine-corrected sensor. Sensors were placed on
a handheld pole keeping the reflected light sensor 150 cm above the soil surface,
representing a 0.35m? surface of measurement for reflected radiation. We measured
radiations at four (2018) or two (2019) different locations within each subplot and averaged
them per subplot per date. Horizontality of sensors was checked with a level. We calibrated
reflectance (the ratio between incident and reflected radiations) per band against six
Spectralon® standards of known reflectance (2%, 5%, 10%, 20%, 40% and 50%
reflectance). We then computed albedo using the albedo function in the microclima R
package (Maclean et al., 2019), weighting corrected reflectance of each band by its relative
energy contribution along all the measured bands. Each treatment of a block was measured

during a 1 h interval.
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Soil physical properties

Soil cores (10 cm x 10 cm) were harvested in each subplot at the beginning of August 2019
(except for one lost sample in one grazed control). Soil was sampled down to
approximately 20 cm. After bringing refrigerated samples to the University of Quebec at
Trois-Rivieres, thermal conductivity was measured at 5, 10 and 15 cm (when possible)
using a TPO8 non-steady-state probe (Hukseflux), inserted into a copper made insertion
guide, coupled to a Campbell CR1000 datalogger (Appendix B). Valid measurements (as

defined in appendix B) were averaged to obtain a mean value per sample per depth.

After thermal conductivity measurements, soil samples were photographed and separated
by visually homogeneous horizons. For each horizon, we determined the organic matter
content as the Loss-On-Ignition (LOI, g-g™), calculated using the dry weight (W) and the
burned weight (W) as (Wa - Wy)/W,. Soil LOl is linearly related to soil C content in highly
organic peat (Bhatti & Bauer, 2002; Klingenful3 et al., 2014). We then computed dry
density and porosity using the equations and the compiled values in Balland and Arp (2005,
details in appendix B). These three variables link the biological processes driving SOM
accumulation to the thermal conductivity of soil. For example, we expect less decomposed
SOM to form a soil less dense and more porous, than in case of more decomposed SOM.
This high soil porosity could lead to low conductivity if pores are filled with air, or to high

conductivity if pores are filled with water.
Data analysis

Statistical analysis
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We used linear mixed effect models and generalized additive mixed models (GAMMs) to
estimate interactive effects of fertilization and grazing. Each model contained discrete
fertilization treatments (with levels Control, Low N, High P, High N, High N+P), grazing
status and the interaction between fertilization and grazing as fixed effects. Details of

models’ structure and transformation are presented in Table 1.

Following Amrhein et al. (2019), we avoided discrete thinking by not choosing a p-value
threshold guiding statistical inference. Instead, we highlighted a statistically supported
effect by analysing both the p-value of the factor continuously and considering the
magnitude and 95 % confidence interval of the post-hoc differences between the control

and other experimental treatments.

All statistical analyses were calculated with R 4.0.3 (R Core Team, 2020). Mixed effects
models were fitted using the /me4 package (Bates ef al., 2014) and inferences were made
using functions in /merTest (Kuznetsova et al., 2017). GAMMSs were fitted using the gam
function and in the mgcv package (Wood, 2011), random effects being represented as
penalized regression terms. Treatment marginal means and inferences about contrasts were

estimated using the emmeans package (Lenth, 2021).
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Table 1 : Description of data, model structure and transformation (Transf.) for each variable analysed in this
study. Transformations were selected to ensure normality of residuals. Each model contained fertilization (F,
five levels), grazing (G) status and their interaction as fixed effects. Random effects structure was determined
following Gumpertz and Brownie (1992).

Variable Transf. Measurements Fixed effects Random effects
Vascular plant none Unique value per Block Plot
biomass subplot (2018)
Leaf area index logit n =40
Bryophyte biomass log
Dead vascular plant log
biomass
Soil Loss-on-Ignition  logit Unique value for Block Plot
Soil dry density log each horizon of each Subplot
Soil porosity logit subplot, weighted by Third order cubic
the relative thickness spline along depth
of the horizon (2019) foreach F x G
n =39 x number of level (GAMM)
horizons in each soil
column
Soil thermal log Mean value at 5 and Block Plot
conductivity 10 cm depth for each  Depth (two levels) Subplot
subplot (2019) Depth x Fertilization
n =39 x 2 depths Depth x Grazing
Depthx F x G
Water table depth none Mean value per Block Plot
subplot (2019)
n =40
Albedo logit Mean value per Block Plot
Soil Volumetric none subplot per year Year Subplot
Water Content (2017, 2018, 2019) Year x Block Year x Plot
Thaw depth none n =40 x 3 years Year x Fertilization
Year x Grazing
Yearx Fx G

Numerical modelling

We used a numerical heat transfer model with phase change to disentangle the effect of
changes in surface and soil properties on active layer thaw. Using marginal means of soil
parameters of the grazed and ungrazed Control and High N+P treatments, we examined
what part of the observed variation in thaw depth may be attributed to change in soil
properties. We explored two scenarios: the “Soil scenario” reproduced the differences

among treatments in term of soil properties only, with fixed albedo. The “Soil+Albedo
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scenario” implemented the observed differences in both soil properties and albedo.
Developing a complete radiative and land-surface modelling was beyond the scope of the
study, so we evaluated the impact of surface properties by interpreting the difference
between observed and modelled thaw depth. Preliminary results showed that thaw depth
was unsensitive to variation in snow depth or depth hoar formation during the five year of
the modelling experiment, max snow depth ranging from 0.10 to 0.36 m. We thus used the
observed snow depth with similar snow properties for all scenario and treatments.

Complete model specification is available in Appendix C and Chen et al. (2021).
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Results

Fertilization increased vascular plant biomass, but grazing had no effect (Table 2, Fig. S1),
whereas neither fertilization nor grazing impacted bryophyte biomass (Table 2, Fig. S2).
Vascular plant biomass of High N+P plots was 318% higher than biomass of Control plots

[mean effect (95% confidence interval, ci): 69.8 (45.0;94.6) g-m™].
Surface properties

Fertilization increased green Leaf Area Index (LAI), but grazing had no effect (Fig. 1b,
Table 2), whereas grazing reduced dead vascular plant biomass with little effect of
fertilization (Fig.1c, Table 2). LAI of High N+P plots was 345% higher than LAI of Control
plots [mean effect (95% ci): 0.54 (0.34;0.73) m?-m™]. Grazed subplots had a dead vascular
plant biomass 60.0% lower than ungrazed subplots [mean effect (95% ci): -15.6 (-7.69;-

23.4) g'm?].

Fertilization increased surface albedo whereas grazing decreased it (Fig. 1a, Table 3). For
example, albedo of High N+P plots was higher by 79% [mean effect (95% ci): 0.05
(0.03;0.08)] than albedo of Control plots. Grazed subplots had a 25% lower albedo [mean
effect (95% ci): 0.03 (0.02;0.03)] than ungrazed ones. Grazing effect was slightly reduced
in more fertilized plots. For example, grazed Control had a 32% lower albedo than the
respective ungrazed subplots [mean effect (95% ci): -0.03 (-0.02;-0.04)] whereas ungrazed
High N+P had a 10.8% lower albedo than High N+P ungrazed subplots [mean effect (95%

ci): -0.02 (-0.03;0.01)].

Table 2: Results of the linear mixed models and generalized additive mixed models fitted to estimate the
impact of fertilization (F) and goose grazing (G) on Leaf Area Index (LAI); dead vascular plant biomass;
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bryophyte biomass; soil Loss-on-Ignition, dry bulk density and porosity; distance between soil surface and
water table and soil thermal conductivity in wetlands of Bylot Island, Nunavut, Canada.

Fertilization Grazing Block FxG

df F P df F P df F P i F P
Vascular biomass 423 302 <0.001 "1,23 0273 0.606 323 7.12 0.002 423 125 0317
Bryophyte biomass 410 1.15 0388 1,13 0.03 0858 '3,10 835 0.005 '4,13 2.82 0.069
Leaf Area Index 410 127 0001 1,13 001 0912 "3,10 147 0230 413 1.7 0268
Dead vascular biomass 4,12 3.17 0.054 "1,15 29,0 <0.001 3,12 2.63 0.098 4,15 0.97 0.455
Soil Loss-On-Ignition 4,145 102 <0.001 1,145 1.05 0307 3,145 70.4 <0.001 4,145 2.49 0.046
Soil dry density %139 6.66 <0.001 1,139 1.62 0206 3,139 24.8 <0.001 4,139 1.82 0.128
Soil Porosity %137 5.16 0001 1,137 141 0238 53,137 182 <0.001 74,137 1.5 0218
Distance to water table 427 10.7 <0.001 '127 11.9 0.002 '327 7.84 0.001 '427 040 0810
Soil thermal conductivity 4,24 2.88 0.044 124 117 0.002 324 142 0262 424 1.00 0.432
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Figure 1: Effect of fertilization treatments and
goose grazing on a) albedo, b) green leaf area
0.751 index (LAI) and c¢) dead vascular plant biomass
in wetlands of Bylot Island, Nunavut, Canada.
Colored points are measured values. Plain and
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Table 3: Results of the linear mixed models fitted to estimate the impact of fertilization and grazing on
albedo; topsoil volumetric water content (0-5cm depth, SWC) and thaw depth in wetlands of Bylot Island,
Nunavut, Canada.

Albedo SWC Thaw depth

df F P df F P df F P

Fertilization 4,12 10.7  0.001 411 491 0015 412 187 0.180
Grazing 1,14 794 <0001 1,15 229 0.0l 1,I5 970  0.007
FxG 414 365 0.029 415 206 0.138 415 065 0.633
Block 3,12 081 0510 3,11 093 0456 3,12 112 0380
Year 1,12 128  0.004 224 152 <0001 223 358 <0.001
YxB 3,12 087 0482 624 209  0.092 623 147 0233
YxF 412 090 049 824 061 0.765 823 075 0.648
YxG 1,15 287 0.111 230 172 0.197 229 066 0524

YxFxG 4,15 031  0.865 830 049  0.852 8,29 047  0.868

Soil organic matter accumulation and properties

By adding new barely decomposed organic horizons at the top of the soil column (Fig. S3,
S4), fertilization increased the distance between the surface and the water table, whereas
grazing decreased it (Fig. 2, Table 2). For example, the land surface was 486% further from
the water table in High N+P plots than in Control plots [mean effect (95% ci): 7.16
(3.99;10.3) cm]. On average, the surface of grazed subplots was 50% closer to the water

table than the surface of ungrazed ones [mean effect (95% ci): -2.62 (-1.05;-4.2) cm)].

Fertilization favored dry topsoil conditions (Fig. 3a, Table 3, topsoil referring
approximately to the shallowest 5 cm of the soil column), creating soil characterized by
low dry bulk density, high LOI and high porosity (Table 3, Fig. S4-6) whereas grazing
maintained the soil wetter (Fig. 3a, Table 3). For example, SWC was 37% lower in the
High N+P plots than in the Control [mean effect (95% ci): -0.31 (-0.52;-0.1) m*-m™],
whereas it was 20% higher in grazed subplots than in ungrazed ones [mean effect (95% ci):

0.1 (0.07;0.19) m*-m>].
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respectively. In panel b), colored circles and squares represent measurements made at 5 and 10 cm depth,
respectively. Black points represent each treatment marginal mean, and the line the 95% confidence interval.

Grazing increased thermal conductivity (Table 2, Fig. 3b), whereas the fertilization effect
was weak and too uncertain to be interpreted [e.g., High N+P — Control =-0.05 (-0.22;0.11)
W-m!-K!, mean (95% ci)]. Grazed subplots had a thermal conductivity 38% higher than
ungrazed ones [mean effect (95% ci): 0.131 (0.03;0.22) W-m™-K!]. Thermal conductivity
increased with depth (p-value <0.001, Fig. S7). The higher thermal conductivity in grazed
treatment was caused by the higher SWC in these subplots. Adding SWC as a covariate in
the linear mixed model predicting thermal conductivity canceled the effect of grazing
(Fertilization: p-value = 0.510; Grazing: p-value = 0.730, Fig. S8). Computed frozen
thermal conductivity showed a similar pattern, with soil of High N+P being less conductive
than soil of Control plots and the soil of grazed subplots being more conductive than the

soil of ungrazed subplots (Appendix C, table C6).
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Figure 4: Effect of fertilization and grazing treatments on thaw depth. Colored points are measured values
in wetlands of Bylot Island, Nunavut, Canada. Black horizontal line represents soil surface. Plain and open
symbols represent ungrazed and grazed treatments, respectively. Colored triangles, circles and squares
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represent measurements made in 2017, 2018 and 2019, respectively. Black points represent each treatment
marginal mean, and the line the 95% confidence interval. Note the inverted y-axis, zero representing soil
surface.

Thaw depth

Grazing increased thaw depth, with strong variations of average thaw depth among years
(Tab. 3, Fig. 4). Grazed subplots had a 16% lower thaw depth than ungrazed ones [mean

effect (95% ci): 3.25 (1.10;5.40) cm].

Modelling of thaw depth dynamics supported the effect of grazing on thaw depth (Fig. 5),
mainly driven by an increase of topsoil thermal conductivity (“Soil” scenario in Fig. 5a).
Increasing albedo from 0.06 (grazed Control) to 0.14 (ungrazed High N+P) had a negligible
effect on thaw depth (“Soil + Albedo” scenario in Fig. 5a). Modelling results suggested an
interaction between fertilization and grazing, grazing effect being greater in the High N+P
treatment than in the Control (Fig. 5a, b). Maximum difference among treatments arose at
the end of the thawing season (beginning of September), suggesting that empirical results

based on measured July thaw depth are conservative (Fig. 5b).
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Figure 5: Modelled effect of fertilization and grazing on thaw depth. a) observed and modeled mean July
thaw depth in 2018, and b) modelled dynamic of thaw depth along the thawing season in the “Soil + Albedo”
scenario, averaged over all the modelling years. Only differences in soil properties among treatments were
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implemented in the “Soil scenario”, whereas the “Soil + Albedo” scenario implemented both differences in
soil properties and albedo. “Soil” scenario is absent from the ungrazed Control, as it represents the reference
from which parameters are modified. Red and purple colors represent Control and High N+P treatments,
respectively. Plain and dashed lines represent grazed and ungrazed situations, respectively. Note the reversed
V-axis.

Discussion

Our results reveal that both N and P availability and grazing impact active layer and
permafrost dynamics in High Arctic polygonal wetlands. Fertilization increased live
vascular plant cover and albedo, decreasing the radiative energy entering the plant-soil
system. Therefore, enhanced herbaceous tundra growth following higher nutrient
availability may attenuate the increase of surface temperature due to global warming.
Fertilization also increased SOM accumulation at the top of the soil column, changing soil
physical structure and composition and increasing permafrost aggradation rate. This
suggests that increased topsoil nutrient availability speeds up upward permafrost
development rate. Goose grazing reduced albedo and dead vascular plant biomass,
increasing the energy entering the plant-soil system. In addition, grazing reduced SOM
accumulation and soil thermal conductivity, deepening the active layer. These last results
point toward a novel and important perspective, which suggests that grazers may limit

syngenetic permafrost development.

The decrease in thaw depth and SWC accelerated the transition from Cyperaceae to grasses
following increased topsoil nutrient availability whereas grazing slowed down such
changes and maintained species preferred by geese. Increased topsoil nutrient availability
may limit the availability of nutrient at depth by limiting thaw depth. Therefore, reduction
of thaw depth may cause a negative feedback disadvantaging the growth of deep-rooting

plants, such as plants from the Cyperaceae family (Wang et al., 2017). Favored Poaceae
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growth (Wang et al., 2017), soil drying, and shallower thaw depth may all concur to the
competitive exclusion of sedges (Carex aquatilis) and cotton grasses (Eriophorum spp.) in
case of increased subsurface nutrient availability (as shown by Gignac et al., 2022 and
Nishizawa et al., 2021 in the present experiment). Conversely, goose grazing increases
topsoil water content and deepens thaw depth. Thus, grazing indirectly favor the growth of
plants preferred by geese, such as Eriophorum scheuzeri (as shown by Nishizawa et al.,
2021 in the present experiment). This suggests that geese can concur to maintain polygonal
wetlands in a state favorable for their feeding, despite marked increase in nutrient

availability.

Surface properties

As expected in H1, fertilization increased live LAI due to an increase in primary production
(the impact of fertilization on live biomass is discussed in Gignac et al., 2022), whereas
grazing diminished dead biomass, probably decreasing and increasing the quantity of
shortwave radiations reaching the soil surface, respectively. Similar to our results, Prager
et al. (2017) found that fertilization increased LAI in a moist acidic tundra. Grazing did not
impact vascular plant biomass nor LAI. Because grazed subplots were protected during the
sampling year, we measured undisturbed growth from the below-ground parts. Therefore,
vascular plant communities seem to be resilient to long-term grazing, which is coherent
with the demonstrated regrowth ability of dominant grasses (Mattheis & Tieszen 1976, Bakker

& Loonen 1998) and sedges (Archer & Tieszen 1983, Raillard & Svodoba 1999) in Arctic wetlands

(Beaulieu et al., 1996).

A sensitivity analysis considering multiple parameters of tundra surface energy budget

(Beringer et al., 2002) showed LAI having a non-linear impact on ground heat flux, with
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greatest reduction when LAI was around one. Measured live LAI was lower than one, but
total cover including dead biomass should reach this threshold. Similarly, Juszak et al.
(2016, 2017) described sedge dominated tundra with a total LAI of 1.4, dead vascular
leaves representing half of the total leaf area. Therefore, both live and dead leaf area index
influence tundra radiation budget. Overall, our results suggest that nutrient availability may

decrease and grazing increase transmission of radiation to the ground in herbaceous tundra.

As expected in H1, fertilization increased surface albedo, whereas grazing decreased it.
Higher albedo resulted from greater LAI (Juszak ef al., 2014) and light-colored litter cover
(Juszak et al., 2017), but also possibly from the lower moss water content in the more
fertilized plots (Kim & Verma, 1996). The switch from dark mosses (Drepanocladus spp.
being dominant in Control plots) to light green mosses (Aulacomnium spp. being dominant
in N+P plots, Gignac et al., 2022) may also have contributed to increase albedo.
Conversely, grazing reduced albedo mostly by increasing topsoil water content and
reducing light-colored dead vascular plant biomass accumulation. Our results clearly show
N and P availability and grazing respectively increase and decrease summer albedo in a
High Arctic system even without deciduous shrubs, which had not yet invaded our
experimental plots after 16 years. However, surface albedo may not be the most
determinant parameter for ground heat flux and active layer thaw, as higher transmission
of shortwave radiations through the canopy to the ground may counteract an increase in
albedo (Blok ef al., 2010). Modelling experiment suggested a negligible effect of albedo

on thaw depth.

Even if our results suggested diminished shortwave radiation input to the ground in

response to fertilization, the consequences for net radiation budget and ground heat flux
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are hard to estimate. Cooler vegetation and soil surface may emit less longwave radiations
than warmer vegetation and soil, leading to similar budget even with differences in net

shortwave input (Juszak et al., 2016).

The observed change in vegetation and SWC may have impacted heat flux partitioning.
Eugster et al. (2005) reported that tundra with lower LAI has a smoother surface (lower
roughness length) than tundra with higher LAI, but it did not impact latent and sensible
heat fluxes. Increased LAI may increase latent heat flux (McFadden et al., 1998), but
surface drying following fertilization and protection from grazing likely resulted in lower
evaporation (Liljedhal et al., 2011). It is however uncertain whether a change in surface
resistance at this scale would impact the soil heat flux, or if latent and sensible heat fluxes

would change at the expense of one another (McFadden ez al., 1998).

Organic matter accumulation

As expected in H2, fertilization increased SOM accumulation at the top of the soil column,
whereas grazing decreased it. SOM accumulation followed a substantial increase in
vascular plant primary productivity in fertilized treatments, especially when N and P were
added together (Gignac et al, 2022). Topsoil SOM accumulation after long-term
fertilization has been measured by Mack et al. (2004) in a moist acidic Arctic tundra, but
the effect is not general (see e.g., Koyama et al., 2013 and Ylédnne et al. 2020). The impact
of goose grazing and grubbing on soil OM is not clear either, with both negative (e.g.,
Sjogersten et al., 2012; van der Wal et al., 2007) and null effects (e.g., Speed et al., 2010)

being reported in similar systems.
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Because fertilization increased surface aggradation without impacting thaw depth, it
implies permafrost table shall have migrated upward at a greater rate in fertilized plots than
in control ones. Considering the historical aggradation rate of 0.7 mm-year’' measured at
our study site (Fortier et al., 2006), the surface of Control plots should have risen by
approximately 11 mm in 16 years. Assuming that the water table is homogeneous in a
polygon, we consider that a higher distance between the soil surface and the water table
implies higher surface aggradation. Therefore, the surface of High N+P plots had on
average risen 72 mm above the surface of Control plots (Fig. S9). Fertilization had thus
multiplied the aggradation rate by up to seven times relative to the historical rate (5
mm-year in the High N+P plots). However, grazing slowed down surface aggradation,
grazed subplots being on average 26 mm closer to the water table than ungrazed ones.
Therefore, grazing limited the uplifting related to fertilization, surface of grazed High N+P
plots having risen by approximately 57 mm only during the 16 years of the experiment (for
an aggradation rate of 3.6 mm-year’'). These results point toward an important role of
grazers in limiting both polygon development and permafrost carbon storage in productive

polygonal tundra, especially in presence of increased nutrient availability.
Soil thermal properties

SOM accumulation and disconnection from the water table decreased topsoil thermal
conductivity. SWC is known to be an important factor controlling thermal conductivity in
Arctic soils (Hinzman et al., 1991), a wetter organic soil often leading to higher ground
heat flux and deeper thaw depth (see e.g., Liljedahl et al., 2011, Juszak et al., 2016).
However, Eugster et al. (2005) noted a covariation between heat capacity and thermal

conductivity in moist acidic and non-acidic Arctic tundra, high soil temperature being
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associated with low soil heat flux. Similarly, McFadden ef al. (1998) noted that the energy
stored in soil water was released at night, countering higher midday soil thermal

conductivity in wet Arctic tundra.

Our results suggested SOM content and porosity alone had little impact on thermal
conductivity. SOM content has been recognized as an important driver of thermal
diffusivity and active layer thickness across the Arctic (Zhu et al., 2019). Because the
present experiment took place at the top of an accumulation of approximately three meters
of a mix of peat and loess (Fortier ef al. 2006) with already high OM content and high
porosity (0.20 g-g! and 0.8 cm?-cm™ on average at the bottom of the sampled soil column),

fertilization caused little contrast.

Transportation may have partly dried samples prior to measurements, causing a decrease
in thermal conductivity. Yet, since we would expect the decrease in SWC and thermal
conductivity to be greater in wet samples than in already dry soils, the differences in
thermal conductivity may have been reduced by transport, implying that our results are
conservative. Because thermal conductivity computation based on soil LOI and field SWC
measurements led to qualitatively similar conclusions, and because the modeling
experiment reproduced observed thaw depth well, we consider our conclusion to be robust

to sample disturbance.
Thaw depth

As hypothesized in H3, grazing increased thaw depth, but contrary to our expectation,
fertilization did not impact it. The effect of grazing on thaw depth has been little explored

in the literature. Grazing by Muskox has been shown to both decrease (Falk et al., 2015)
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and increase (Mosbacher et al., 2019) thaw depth in Northeastern Greenland, depending
upon the year of measurement. The conservative 3.3 cm average difference we observed
between grazed and ungrazed subplots is comparable to what has been measured in several
fertilization (6 cm on average in Gough et al., 2016; 4 cm on average in Wang et al., 2017)
and surface warming experiments (3 cm on average in Natali ef al., 2011; higher thaw rate
in Leffler et al., 2016; not supported statistically in Hollister et al., 2006 and Voigt et al.,
2017). Grazing thus restricted permafrost development by limiting surface aggradation and
deepening the active layer. Considering the 3.3 cm increase in active layer depth, grazing
reduced permafrost aggradation rate to 1.5 mm-year' in grazed High N+P subplots

compared to 5 mm-year ! without grazing.

Modelling results suggested the decrease of thermal conductivity following fertilization
made thaw depth shallower, whereas grazing deepened thaw depth by increasing topsoil
thermal conductivity. Thaw depth showed little sensitivity to a decrease of incoming
radiation following a more reflective vegetation (similar to Juszak et al., 2016). Previous
studies showed that topsoil water content tends to increase thaw depth, especially if deep
water and ice content remains constant (Kwon et al, 2016; Clayton et al., 2021).
Fertilization effect on thaw depth and the interaction between fertilization and grazing was
not supported by our statistical analysis. This may be because of low statistical power, and
because plot positioning in the polygon was masking the effect of fertilization, thaw depth
being lower in plots close to rims and higher in plots in the vicinity of a water body.
Fertilization effects inferred from modelling results were robust to such spatial noise
because they represent the addition of a dry organic layer at the top of the soil column,

maintain deep soil water and ice content constant and assume no lateral energy transfer.
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Habitat type deserves consideration when prospecting the effect of increased nutrients
availability and varying herbivore population on Arctic ecosystems. We are not aware of
studies measuring thaw depth in response to these factors in mesic uplands (e.g. tundra
heath and shrub tundra), such as the ones surrounding the studied wetland area. This lack
in literature may be related with the physical difficulty encountered with thaw depth
measurements in rocky soils (Gough et al., 2016). In such mesic uplands, vascular plant
biomass also increases following fertilization (e.g., Grellman, 2002; van Wijk et al., 2004).
However, it is uncertain if greater primary productivity would lead to aggradation and
drying of the surface (Ola ef al., 2022). Uplands are often well drained and characterized
by epigenetic permafrost, in which case permafrost does not form by the aggradation of the
base of the active layer (French, 2017). Finally, uplands are less intensively grazed by geese
compared with wetlands (Hughes et al., 2014), with a presumably lower impact of grazing

on permafrost dynamic.

Conclusion

We showed in this study that increase of tundra nutrient availability and grazing can create
feedback to the active layer dynamic of High Arctic herbaceous tundra. Fertilization caused
OM accumulation at the surface, increasing permafrost aggradation rate, suggesting that
the growth of vegetation resulting from higher nutrient mineralization may hinder the
degradation of permafrost caused by global warming in herbaceous polygonal tundra.
Grazing reduced surface aggradation and deepened the active layer, primarily because of
increased topsoil water content. Grazers seem therefore to be a major determinant of the
future of permafrost in herbaceous polygonal wetlands, especially while nutrient

availability increases in this system. Therefore, population management and resource
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availability in the south, which can cause strong increase in herbivorous populations
migrating to the Arctic in summer (Lefebvre et al., 2017), may indirectly slow down
permafrost development in the North. However, the net effect of grazing on polygonal
wetlands carbon budget remains unclear, as water saturation of the shallowest soil horizons
may limit decomposition (Boye ef al., 2017) and concurs to SOM accumulation in Arctic
peatlands (Grosse et al., 2011). Overall, our results point toward the importance of
understanding impact of biotic drivers when examining potential consequences of climate

change on the permafrost of High-Arctic wetlands.
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